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Abstract
Over the past few decades, increase in the demand for low molecular weight alcohols,
like ethanol and butanol, for use as a biofuel has provided a new impetus to their
production by the fermentation of polysaccharides, and the subsequent separation from
the alcohols from the aqueous fermentation broth. The inhibitory nature of alcohols to
their own production necessitates the continuous lowering of the concentration of the
alcohol during the fermentation process. The technology for removing alcohol and other
organics from aqueous solutions also finds application in industrial waste treatment
facilities. The different techniques in use currently for in-situ removal of alcohol from
fermentation broth, like distillation, suffer from drawbacks like high energy consumption.
The goal of this project was to develop a redox-responsive polymer which has
preferential selectivity for butanol causing the polymer to selectively extract butanol from
aqueous fermentation broth. On application of electric potential, the redox moieties in the
polymer were oxidized and charged resulting in an increase in the hydrophilicity of the
chemical environment in the gel and the extracted butanol was released into a stripping
medium. The switchable selectivity of the polymer for butanol allows its use for the
development of continuous separation system for butanol extraction.
In this project, novel co-polymer of hydroxybutyl methacrylate (HBMA) and
vinylferrocene (VF) was synthesized by free radical polymerization. The HBMA
backbone gave the polymer preferential selectivity for butanol, while the ferrocene (Fc)
groups of VF made the polymer redox active. The thermodynamic parameters,
equilibrium distribution coefficient and separation factor, which quantify the distribution
of a species between two phases were experimentally determined for butanol and water
distribution between the polymer and the aqueous phase when the redox moieties in the
polymer were in the reduced and the oxidized states respectively. The values of these
parameters confirmed that the oxidation and the consequent charging of the redox species
resulted in a decrease in the polymer's affinity for hydrophobic molecule, butanol. The
optimum composition of the co-polymer was arrived at by comparison of properties of
polymers with different compositions.
The redox active co-polymer of HBMA and VF was attached to electrically
conducting substrates to prepare redox polymer electrodes (RPEs). The RPEs allowed the
oxidation and reduction of the ferrocene groups in the polymer by the application of
electric potential. Carbon black (CB) and carbon fiber mats, called carbon paper (CP)
were used as the substrates. RPEs were prepared using five different techniques-three
techniques were based on strategies reported in literature and involved the chemical
modification of the functional groups on the surface of CB and CP to allow polymer
grafting. In addition, an iCVD based technique was developed which functionalized the
CP surface by deposition of a reactive polymer, poly(pentafluorophenyl methacrylate
(PFM)-co-ethyleneglycol diacrylate (EGDA)). The polymer layer was chemically
modified to allow redox polymer grafting.. Impregnation of porous CP with redox
polymer gel resulted in electrodes with highest mass of polymer per unit mass of
conducting substrate. The electrochemical activity and reversibility of the RPEs prepared
using the different techniques were ascertained by cyclic voltammetry.
The impregnated electrodes were used to demonstrate the successful use of the
polymer gel to extract butanol from its aqueous solution, and release it into water upon
oxidation. Conceptual scheme of a continuous separation system that can be built using
these RPEs was proposed and the separation that can be achieved using such a system
was determined by simulating the continuous separation process using finite element
modeling. It was determined that the separation system integrated with a fermentation
reactor can help maintain the concentration of butanol at a value 20% lower than the
critical value beyond which fermentation is completely inhibited.
The mechanism of electron transport in the polymer coated RPEs was
investigated. Diffusion of electrons was found to be the rate controlling step. Further, it
was found that diffusion of electrons due to the 'hopping' of electrons from one redox
site to the next, and the electronic motion due to the motion of the polymer chains
themselves played important roles in determining the apparent diffusivity of electrons.
As part of the PhDCEP Capstone project, the potential of butanol produced
through fermentation, commonly known as bio-butanol, was analyzed as a blend for
gasoline was analyzed. It was found that although the market for gasoline blend is huge
and growing, butanol suffers from higher cost of production with respect to its primary
competitor, bio-ethanol. Chances of bio-butanol's potential success can be enhanced
through a combination of technological breakthroughs including development of strains
of high yield bacteria, use of inexpensive lignocellulosic biomass, and process design
improvements.
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Chapter 1
INTRODUCTION
1.1 Alcohols as biofuel
1.1.1 Need for renewable sources of energy
The unique human thirst for knowledge and continuous quest for improving the quality of
life are fundamental in distinguishing mankind from other life forms on our planet. The
history of mankind is full of landmark discoveries and inventions which resulted in
quantum leaps in the way men lived their lives. The discovery of fire and the wheel, some
claim, are one of the oldest examples of such discoveries. The latest set of such
significant events started with the industrial revolution in the late 18 th and the early 1 9 th
century. From an economy based on manual labor and draft animals, the society in
Western Europe started shifting to machine based manufacturing industries. Ever since
then, the high efficiency of machines caught the fancy of the rest of the world as well and
machines revolutionized all aspects of human life from agriculture to manufacturing to
transportation to name a few. The innumerable machines and equipments without which
it is impossible for us to imagine our lives today share one underlying common feature-
their need for energy to power their functions. The break-neck speed of the technological
developments over the course of the last couple of centuries was made possible due to the
abundant availability of fossil fuels, like petroleum and coal. The realization that these
energy sources could not be replenished once consumed did not dawn upon mankind till
the later half of the 20th century. However, today when we try to prepare the road map of
development for the next few decades, the finiteness of these energy sources has been
universally acknowledged to be the biggest challenge ahead.
The limited availability of fossil fuels combined with the ever increasing demand
for them has caused a sharp rise in the price of these fuels, especially petroleum. The year
2008 saw the price of a barrel of crude oil reach previously unimaginable levels of close
to $150. The global economic meltdown may have brought the price down since then, but
everyone knows that the era of cheap oil is over, and over for good. Governments, policy
makers and industries the world over recognize that the day when the non-renewable
fossil fuels will get completely consumed by humans is not far. The scientific community
has taken up the challenge of quenching the world's thirst for energy by replacing oil
with other alternative energy sources. What multiples several fold the degree of the
challenge is the requirement that the energy sources that need to be developed should not
result in a net addition of green house gases, especially CO 2 to the atmosphere to prevent
the adverse effects of global warming on the climate of the entire world. Moreover,
geopolitical realities have forced the countries of the world to seek an end to energy
dependence on other countries of the world.
The focus has, therefore, been on developing technologies to harness the wind,
solar, tidal among other forms of natural energy sources. Nuclear energy has been
considered an alternative energy source for a few decades now, but its widespread
generation has been hampered by the high capital and operation costs and due to concerns
regarding safe disposal of radioactive wastes [1]. These energy sources can be used to
generate electricity. But their use to fuel the transportation media is limited at best. An
attractive, clean, renewable alternative that has been widely explored for use as a blend,
to start with, with fuels derived from petroleum and, ultimately, for use as stand-alone
fuels are fuels derived from biomass. The wide variety of such fuels has been broadly
referred to as 'biofuel'. Unlike fossil fuels, the biofuels are renewable as they can be
continuously made from biomass, and they do not alter the balance of the natural carbon
cycle by converting the carbon buried deep inside the earth into CO 2 and adding it to the
atmosphere. Biomass, from which biofuels are obtained, is made up of carbon obtained in
various forms from the atmosphere over the course of the organism's life span. It is this
carbon which is released back into the atmosphere when the biofuel is burnt. However,
the entire cycle of CO 2 take-up by an organism to form biomass, conversion of the
biomass into biofuel upon the organism's death, and the release of CO 2 back into the
atmosphere by the combustion of the biofuel is not completely 'CO 2 neutral' as external
energy needs to be provided to carry out the conversion of the biomass into biofuel. But
the net CO 2 addition to the atmosphere when biofuels are used is considerably less than
when fossil fuels are consumed. Also, several independent scientific studies have proven
the net energy balance for the use of biofuels like ethanol is not negative as had been
claimed earlier [2].
The particular biofuel that is used in different parts of the world differs
significantly. The choice of the biofuel is based on the relative abundance of the
particular kind of biomass in a country. Ethanol, produced by yeast fermentation of corn,
constitutes 99% of all biofuels in the United States [3] while ethanol produced from
sugarcane dominates the biofuel market in Brazil and wheat and sugar beets are the
principal feed stocks for commercial ethanol production in the European Union [4].
Biodiesel made from palm oil, rapeseed oil or soybean oil is another commonly used
biofuel, especially in Asia [4]. 1-Butanol (hereafter referred to as butanol) produced by
fermentation of biomass is catching the attention of the researchers in the recent years for
use as a fuel. The advantages and the disadvantages of using bio-butanol over bio-ethanol
will be discussed in section 1.1.3. Developments in biotechnology have permitted several
fold increase in the efficiency of the process by which microorganisms can break down
biomass to produce the biofuel [5]. This project focuses at the use of low-molecular
weight alcohols, like ethanol and butanol, for use as fuels, and aims to develop a
technology which can increase the efficiency of their production process. Therefore, a
brief description of the alcohol fermentation process is provided next.
1.1.2 Description of alcohol fermentation process
The primary feedstocks for ethanol production the world over are sugar and starch. The
crops used for obtaining these feedstocks are different in different parts of the world as
was discussed earlier. The traditional microorganism used for production of ethanol is
the yeast Saccharomyces cerevisiae (S. cerivisiae) which breaks down the glucose in the
feedstock to ethanol and CO 2 by carrying out glycolysis by the Embden-Meyerhof-Parnas
pathway under anaerobic conditions [6]. On a mass basis, the metabolism of a unit mass
of glucose should result in the production of 0.511 mass fraction of ethanol and 0.489
mass fraction of CO2 although the practical yield of ethanol is only 90-93% of this value.
Several other by-products like glycerol, organic acids and higher alcohols are produced in
small amounts as well [7]. Another microorganism that has been reported to be successful
in producing ethanol from sugar and starch is the bacterium Zymomonas mobilis (Z
mobilis) which uses the anaerobic Entner-Doudroff pathway for carrying out this
conversion [8]. The fermentation by Z. mobilis has a higher yield than that by S.
cerivisae. The productivity of ethanol production using Z mobilis is 3-5 times higher
than that by S. cerivisae. However, the variety of feed that can be used for fermentation
by Z mobilis is not as large as that for S. cerivisae, and Z mobilis's use generates
problems for the waste disposal. The details of the reaction pathway leading to the
production of ethanol can be found elsewhere [6,8]. Over the past few years, a lot of
research and development efforts have focused on the use of lignocellulosic biomass for
fermentation of ethanol [9]. Lignocellulosic biomass is more abundant than the sugar and
starch feedstocks, but its fermentation is yet to reach the scale of fermentation by the
traditional route.
The first report of the production of butanol in microbial fermentation is credited
to Louis Pasteur in 1861. Research in this field led scientists to conclude that almost all
species of the genus Clostridium can carry out fermentation of biomass resulting in the
formation of acetone, butanol and ethanol [10]. Two species which have been the focus
of the research are Clostridium acetobutylicum (C. acetobutylicum) and Clostridium
beiernickii (C. beijernickii). The latter species produces isopropanol in place of acetone
during the fermentation. On an industrial scale, the use of the fermentation process for
butanol production declined in the later half of the 2 0 th century because of the ability to
produce butanol cheaply by the petrochemical route. But with the focus now shifting to
using butanol as a biofuel, the acetone-butanol-ethanol (ABE) fermentation process is
being used again [11]. The feedstock for butanol production has traditionally been
molasses and maize mash which are fermented at temperatures of 29*C to 35*C under a
blanket of CO 2. Alternative fermentation substrates cheese whey, algal biomass,
Jerusalem artichokes, as well as lignocellulosic substrates like hemicellulose have also
been explored [11]. The pathway used by clostridia for substrate metabolism consists of
two phases-the first acidogenic phase and the second solventogenic phase. The first
phase is when the cells grow exponentially while the second phase is a stationary phase
[12]. The fermentation process on an industrial scale has been shown to be successful in
different modes of operation, like batch, fed-batch, and continuous. The thrust of the
current research is the development of the use of biotechnology to carry out metabolic
engineering to increase the yield of the fermentation process [13-17].
1.1.2.1 Product inhibition in alcohol fermentation
The inhibitory nature of the alcohols to their fermentation has been known for years [18].
The product inhibition effects pose a big challenge to the economic viability of the
alcohols as biofuel, and demand the development of technologies to overcome this
problem. The understanding of the precise mechanism of ethanol inhibition on the
fermentation process is, therefore, very important, and has been the subject of several
papers [19,20]. The consensus is that the inhibition has multiple effects and is very
complicated. Some researchers claim that the activity of enzymes in the glycolytic
pathway of the yeast cells diminishes in the presence of excess ethanol [20]. Plasma
membrane ATPase has been highlighted by researchers to be the key enzyme which gets
affected by the presence of ethanol in the solvent phase. The role of the enzyme is to
control the pH inside the cell by pumping out from the cell the excess H* produced
during fermentation. However, the presence of ethanol in the liquid outside the cell leads
to the dissipation of the proton gradient and makes it difficult for the H+ from inside the
cell to leave the cell [7]. The effect is worsened due to the presence of other organics in
the fermentation media [19]. Several kinetic models have been proposed by researchers
to capture the rate of ethanol production in a reactor. Most of the recent models capture
the product inhibition effect by modeling the ethanol production rate, v, and the specific
yeast cell growth rate, u, in terms of a power law model [7] as shown here. Here vo and
po denote the rates in the absence of product inhibition.
p P, =1 - (1.1)
--= - ,(1.2)
P denotes the concentration of ethanol in the reactor while P. and Pm denote the
concentration at which the cell growth and ethanol production completely stop. The value
of Pm and Pm has been reported to be anywhere from 15% to 20% (w/v) depending upon
the strain of the microorganism used [21].
Butanol is similar to ethanol in inhibiting its own production by fermentation.
Butanol has been shown to be toxic to the bacteria responsible for the fermentation
because of its hydrophobic nature. The hydrophobic environment around the cells leads
to the disruption of the phospholipid component of the membrane The uptake of sugar
and amino acids by the cells necessary for the continuation of the glycolysis has also
been shown to decrease in the presence of butanol in the fermentation broth. Again, other
organics have a similar inhibitory effect as butanol. Although acetone and ethanol both
have inhibitory effect on the fermentation as well, but the dominant role is played by
butanol because of the low threshold of ~1.7% (w/v) beyond which butanol completely
stops the clostridial fermentation [22]. Yang and Tsao have used equations similar to
equations (1.1) and (1.2) to model butanol's product inhibition effects [23].
1.1.2.2 Existing techniques for overcoming product inhibition
The problem of product inhibition from which the alcohol fermentation process suffers
can be solved using several approaches. These include the development of micro-
organisms which can resist higher concentration of the alcohol in the broth and the
employment of separation technologies which can be used to continuously remove the
alcohol from the broth. The latter approach is of more interest in this project.
The conventional technique for recovering the fermented alcohols from the broth
is distillation because of the high percentage recovery achievable and good theoretical
understanding of this separation process [24]. High energy requirements of the distillation
process motivated further research for the development of alternative technologies. The
extraction of the alcohol from the broth into gas, liquid, and solid media has been
explored. Stripping of the alcohol preferentially into a gas stream from the aqueous broth
followed by cooling of the gas to condense the alcohol can be used for in-situ alcohol
removal [25-35]. Costs associated with heating the gas phase before it contacts the broth
and then cooling this stream to condense the alcohol make gas stripping an energy
intensive process. Extraction of alcohol by using another liquid medium caught the
attention of the researchers in the early 1980s [36,37]. Several papers have since then
looked at the use of different solvent to achieve the separation [38-61]. However, the
solvent may itself emulsify in the broth leading to further complications. Adsorption of
alcohols on zeolites is a relatively newer technology for alcohol removal from aqueous
media [62-65]. Fouling of the adsorbing medium is a challenge that needs to be
overcome. Using selective membranes for separation and pervaporation are the other
techniques that can be used to achieve effective recovery of alcohols from the aqueous
broth but both require high capital costs and have low energy efficiency [51,59,66-75].
These separation processes will be discussed in further detail in chapter 4.
Since each of the processes described above has its own advantages and
disadvantages, the search for newer and better technologies is an active research field and
motivates the work on this project.
1.1.3 Comparison of properties of bio-butanol and bio-ethanol
The dominant biofuel in several high energy consuming countries has been ethanol
produced from agricultural products like corn and sugarcane via yeast-based
fermentation. However, with the recent concerns about rise in food prices because of
redirection of maize crop towards ethanol production as well as the incompatibility of
ethanol with the existing refining and transportation infrastructure, which are designed
for petroleum products, has forced the scientific community to look for alternative
biofuels [76]. N-butanol produced from bacterial fermentation process offers an attractive
alternative as its use offers several advantages over the use of bio-ethanol. Several
researchers have compared the properties of bio-ethanol and bio-butanol from the point
of view of their use as gasoline blends [5,12-14,76-86]. The summary of their
conclusions is presented in this section.
The carbon chain in butanol is double the length of the two-carbon long ethanol.
This makes the butanol molecule resemble gasoline more. Moreover, the oxygen content
of butanol is less than that of ethanol and closer in value to the oxygen content of the
gasoline blends in use today. These properties allow the use of existing engines, designed
for gasoline as the fuel, with minimal modifications when gasoline-butanol blends are
used as the fuel instead. Butanol has higher energy density than ethanol, and has lesser
volatility. The low volatility makes the storage of butanol easier and the chances of
leakage of its vapors small. Lower Reid vapor pressure of butanol permits the blending of
gasoline-butanol blends with fuels like butane which can increase the octane number of
the final blend. Since butanol is not miscible with water, chances of contamination with
water from leaks in pipelines are minimal, allowing it to get pumped over long distances
in the existing pipeline network. The same, however, is not true for ethanol. Butanol not
being very corrosive would help prolong the pipelines' lives and reduce maintenance
costs. In addition, the four-carbon chain of butanol can be used for the synthesis of longer
chain molecules if desired. However, from a given amount of biomass, more ethanol than
butanol can be produced [5]. The high toxicity of butanol would make its leak more
damaging to the environment than leakages of ethanol and gasoline. Ethanol fermentation
plants are in place already in many parts of the world, and unless policy changes are
made and suitable economic incentives are provided, the energy industry would resist the
change from bio-ethanol to bio-butanol.
As was mentioned, butanol provides an attractive alternative to ethanol for use as
biofuels. The technological challenges in its production and purification have yet not
been met completely, and this thesis aims to provide a solution to the problem of
separating butanol from its aqueous fermentation broth and, thereby, reducing product
inhibition effects in the fermentor.
1.2 Solvent extraction for separation of alcohol from water
Liquid-liquid extraction, commonly known as solvent extraction, is a technique for
separating the components of a solution by distribution between two liquid phases [87].
With increasing understanding of solvent extraction, it was first shown as a possible
technique to separate alcohols from water in the 1940s [88]. The energy crisis in the
1970s forced the scientific community to look for alternatives to conventional petroleum-
based fuels and to use alcohols as an additive to gasoline. It is only since then that
significant attention has been paid to the use of solvent extraction as a possible alternative
to distillation for alcohol separation and concentration [36].
This sub-section describes the properties that a chemical species must possess in
order to be used as a solvent to extract alcohol from aqueous solutions. This is followed
by a summary of the literature devoted to selection of solvents for extracting alcohols.
1.2.1 Parameters to evaluate the efficacy of the use of solvent in extraction of
alcohol from water
The choice of a solvent to be used to achieve effective separation of the constituents of a
given solution is guided by an estimation of two parameters, namely the equilibrium
distribution coefficient (KD) and the separation factor (a). In the context of this project,
i.e. extraction of alcohol from an aqueous solution, the equilibrium distribution
coefficient may be defined as the ratio of the weight fraction of alcohol in the added
solvent to that in the aqueous phase. A high value of KD requires only a low solvent-to-
water ratio for effective extraction. The separation factor, defined as the ratio of the
equilibrium distribution coefficient of alcohol to that of water, gives a measure of the
selectivity of the added solvent in extracting alcohol preferentially over water [39]. The
solvent should also have a high capacity for the alcohol as well as low solubility in water.
The density difference between solvent and aqueous phases should be such that rapid
phase separation takes place [54]. Along with the estimation of these parameters, two
additional considerations need to be kept in mind while evaluating the performance of a
solvent. Since alcohol has to be removed from the fermentation broth, care needs to be
taken to ensure bio-compatibility of the solvent so that it does not result in the death of
the cells carrying out fermentation. Moreover, obtaining a solvent phase rich in alcohol is
only one half of the process. Release of alcohol from the solvent into a desired medium
and subsequent solvent regeneration form the other half to complete the process.
Therefore, the solvent chosen should be such that both of the above mentioned steps can
be carried out with technical ease and in an economically viable way.
1.2.2 Solvents for extraction of ethanol from aqueous solution
The ability of different organic solvents to extract ethanol from its dilute solution has
been studied extensively in literature. Roddy [36] was the first to identify the need for
comparative study of performance of different solvents and carried out experiments to
evaluate KD and a for a variety of solvents. It was found that the ethanol extracting
potential of the solvent increased in the following order:
hydrocarbon = halocarbon < ether < ketone < amine < ester < alcohol.
It was suggested that for a solvent to be effective, keeping process design considerations
in mind, we need KD,ethanol > 0.5 and a > 10. Munson and King [39] also carried out a
study similar to that of Roddy and highlighted the trade off between equilibrium
distribution for ethanol and selectivity. They also found that solvents which behaved as
Lewis acids had a more favorable combination of KD,ethanol and a than other solvents.
They reported that solvent mixtures could have values of KD,ethanol and a which were
vastly different from what would be obtained by linear interpolation of the values for the
solvent constituents. Their measurements are summarized in Table 1-1. The values
obtained by Munson and King supported Roddy's [36] findings of alcohols, acids and
ketones being good solvents for ethanol extraction. In particular, MIBK as well as a 62.8
% w/w mixture of 2-ethylhexanoic acid with MIBK were found to be effective in
extracting ethanol. Alcohols and esters have also been found to be effective solvents for
ethanol extraction by Koullas et al. [52]
Table 1-1 Experimental measurement of KD,ethanol (reported here as KD) and Q [39]
solvent/water
solvent (repetitions) KDb (a) T, 'C vol ratio source of solvent (purity)
Ketones
MIBKa 0.50 15 30 4.0 M.C.B.C (reagent)
DIBKG (3) 0.19(0.01) 35(2.0) 30 4.75 Eastman (practical)
IBHK' (4) 0.13(0.01) 42(2.8) 30 4,75 Union Carbide(unknown)
isophorone 0.79 15 30 3.6 Aldrich(98%)
Carboxylic Acids
n-hexanoic acid (2) 1.0(0.1) 15(0.5) 30 4.2-4.6 M.C.B. (practical)
2-ethylhexanoic acid (3) 0.52(0.01) 44(2.1) 30 4.0-4.5 Aldrich (99%)
n-octanoic acid (2) 0.60(0.05) 23(1.1) 30 4.4-5 Aldrich (spectrophotometric)
2-ethyl-4-methyl-n-pentanoic acid 0.49 51 30 5.6 Pfaltz and Bauer (unknown)
neodecanoic acid 0.23 73 30 2.52 Exxon (technical)
Phosphoryl
TBPQ (4) 0.79 (0.03) 12(0.0) 30 2.4-4.9 M.C.B. (unknown) and Mobil
(unknown)
Aromatics
benzene 0.058 115 25 4.4 Aldrich (spectrophotometric)
toluene 0.040 100 25 4.3 Mallinckrodt (spectrophotometric)
nitrobenzene 0.091 38 30 4.6 Aldrich (99%)
Amnine
Adogen 368 0.040 4.5 30 3.6 Rohm and Haas (unknown)
lHalocarbons
methylene chloride 0.10 79 30 5.82 Mallinclrodt (unknown)
carbon tetrachloride 0.021 140 30 7.9 Aldrich (spectrophotometric)
1,2-dichloroethane 0.074 49 30 3.1 Aldrich (unknown)
tetrachloroethane 0.12 150 30 5.0 Aldrich (98%)
Alcohols
1-hexanol 1.0 9.5 25 4.13 Kodak (practical)
1-hexanol 1.2 1.2 30 4.13 Kodak (practical)
3-methyl-3-pentanol 1.3 13 30 4.14 Aldrich (unknown)
4-methyl-2-pentanol 1.1 17 30 4.04 Eastman (unknown)
2-ethylbutanol (2) 0.97(0.06) 19.6(0.3) 30 4.16 Aldrich (98%)
3-ethyl-3-pentanol 1.1 18 30 4.20 Eastman (unknown)
3-methylcyclohexanol 0.93 15 30 4.65 Eastman Kodak (practical)
1-octanol 0.64 11 25 4.13 Aldrich(99%)
2-ethylhexanol 0.66 24 30 4.2 M.C.B. (practical)
2,3,4-trimethyl-3-pentanol 0.82 23 30 4.95 Praltz and Bauer (unknown)
1-nonanol (2) 0.72(0.01) 13(0.7) 30 4.10 Kodak (practical)
2,6-dimethyl-4-heptanol 0.53 34 30 4.10 M.C.B. (technical)
I-decanol 0.571 13 30 4.15 Calbiochem (unknown)
Mixed Solvents
solvent 1 solvent 2 % solvent I (wfw) K sorc, oC
2-ethylhexanoic acid
2-ethylhexanoic acid
2-ethylhexanoic acid
2-ethylhexanoic acid
neodecanoic acid
neodecanoic acid
Adogen 368
Adogen 368
Adogen 368
MIBK
MIBK
toluene
DIBK
IBHK
toluene
DIBK
tetrachloroethane
tetrachloroethane
62.8
42.9
48
50
50
50
50
50
25
0.81
0.76
0.27
0.41
0.30
0.16
0.13
0.30
0.21
4.3
33
39
I MIBK, methyl isobutyl ketone; IBHK, isobutyl heptyl ketone; DIBK, diisobutyl ketone; TBP, tri-n-butyl phosphate.b KD expressed as weight fraction ethanol in solvent p hase/weight fraction ethanol in aqueous phase, at equilibrium.
c M.C.B. = Matheson, Coleman and Bell.
Recently Offeman and co-workers [53,54] focused their attention on the ethanol
extraction potential of alcohols and studied the effect of the alcohol molecular weight and
structure on this potential. KD,ethano/ and KD,water have been found to be dependent on the
point of branching of the carbon chain in the alcohol, length of the branches and the main
chain and location of the hydroxyl group along the chain length. Alcohols containing
rings were found to have values of a less than the aliphatic alcohols. The trade off
between KD,ethanol and a was reconfirmed.
1.2.3 Solvents for extraction of butanol from aqueous solution
Butanol, like ethanol, is produced by fermentation of sugars or starches. Several
technologies, apart from distillation, have been tested for separating the butanol produced
from fermentation broths. Liquid-liquid extraction has been shown by Groot et al. [59,89]
to be one of the techniques with the greatest potential because the solvents can be
selected to give a high selectivity for butanol over water and also because of the
possibility to carry out the extraction in-situ. Solvents like kerosene, dodecanol,
tetradecanol, oleyl alcohol and benzyl benzoate have been tested for the ability to extract
ethanol by Roffler and co-workers [61]. Oleyl alcohol and 50 wt% of oleyl alcohol in
benzyl benzoate have been shown to be most effective among the solvents tested, for the
extraction of butanol.
1.3 Stimuli-responsive polymer gels
Polymer gels are materials made up of interconnected polymeric chains making them a
single polymer molecule with molecular weight close to infinity. Their unique ability to
display liquid-like behavior at the molecular scale and solid-like macroscopic properties
like a rigid shape has resulted in the development of diverse applications for them in
fields like biosensor design, biomaterial synthesis, microfluidics, actuators, separation
systems, etc., and has made gel science an attractive research field. Based on the nature
of cross-links holding the polymer chains, gels can be classified as chemical- and
physical gels. Chemically cross-linked gels have permanent covalent bonds between the
polymer chains while interactions due to the formation of physically connected
aggregates characterized by the presence of hydrogen bonds, ionic cluster among others
are responsible for holding the chains together in the physical gels [90].
The most widely studied property of polymer gels has been their ability to change
their volume when changes in the intra-molecular interactions are induced. The change in
the volume of a gel in response to change(s) in its environment is known as the volume
phase transition of the gel. Since the discovery of this interesting phenomenon in 1978
[91], it has been the subject of extensive research and is reviewed in this sub-section.
1.3.1 Thermodynamics of volume phase transition
Shibayama and Tanaka in their review of gel properties [92] describe the thermodynamic
behavior of polymer gels using the Flory-Rehner model [93] which describes the free
energy change involved in the mixing of solvent with a polymeric gel network as a
function of the volume fraction of the polymer, volume of each lattice site, temperature
and Flory's interaction parameter, X. The phase diagram thus obtained predicts
discontinuous volume phase transitions in polymer solutions at different temperatures, as
is shown in Figure 1-1.
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Figure 1-1 Swelling curves of gels (f denotes number of counter ions per sub polymer
chain between two neighboring cross-links) [92]
More advanced theories predicting similar volume phase transition in gels and their
equation of state can be found in the work by Khokhlov and Nechaev [94]. Amiya and
Tanaka have shown that discontinuous volume phase transition is not restricted only to
synthetic gels (like acrylamide gels) but is a universal property of all gels [95].
1.3.2 Interactions for volume phase transition
Volume phase transition of gels is a consequence of changes in either intra-molecular
interactions or the interactions between the polymer gel and the solvent medium. These
interactions fall in one of the following categories: van der Waals interactions,
hydrophobic interactions, hydrogen bonding and electrostatic interactions [96]. The
swelling behavior of acrylamide gels in response to changes in the concentration of
solvent or system temperature has been attributed to the van der Waals effect [97]. The
swelling behavior of natural polymers like DNA when the solvent quality is changed has
also been shown to be a result of van der Waals interaction [95]. The increase in entropy
of the system due to break-down of the ordered structure of water molecules in the
vicinity of hydrophobic segments of polymer gels in response to increase in temperature,
leads to swelling of the non ionic gels like N-isopropylacrylamide gels [98]. Also, it has
been found that the temperature at which volume phase transition due to hydrophobic
interaction takes place is dependent on the surface area of the hydrophobic segments of
the gel [99]. Ilmain and co workers [96] have proven that the swelling and collapse of the
interpenetrating polymer network formed by poly(acrylamide) and poly(acrylic acid)
when the temperature is cyclically varied is due to the hydrogen bonding between the
acid and amide groups in the molecule. Addition of urea, which is known to disrupt
hydrogen bonding, caused the volume phase transition to disappear and the gels were
found to be swollen at all temperatures. If the polymer chain has charged groups attached
to the backbone, ionic interactions come into play. Since ionization of the groups depends
on the pH of the medium, gels can be swollen or contracted by repulsive and attractive
electrostatic interactions respectively as the pH of the medium is varied [100].
1.3.3 Stimuli for inducing change in the properties of gels
As has been discussed in previous sub-section, the change in interactions within a gel
system can be triggered by changing different stimuli. A recent review by Ahn et al.
discusses stimuli responsive gels in detail [101]. The most commonly used stimuli are
temperature, pH, light, and magnetic field. Other stimuli, like mechanical stress and
redox potential, have also been used. The use of these stimuli to change the properties of
gels is discussed in this section.
1.3.3.1 Temperature
Response of gels to the change in temperature has received the most attention by the
scientific community. Homopolymer gels made of N-isopropylacrylamide (NIPA) and
ethylene oxide show a lower critical solution temperature (LCST) of around 32*C. These
gels are widely used for delivery systems and actuators [92]. Block copolymerization of
thermo-responsive polymers with other polymers which other polymers has resulted in
gels with interesting properties. The copolymerization of the thermoresponsive moieties
with other polymers allows the control of the phase transition temperature. Poly(ethylene
oxide) (PEO) copolymerized with poly(propylene oxide) (PPO) has been used to make
hydrogels at certain temperatures while the change in temperature has been used to make
the gel more hydrophobic [102]. Similar results have been obtained for the block
copolymers of NIPA. The swelling and deswelling of these gels at different temperatures
can be effectively used to control flows in microfluidic devices [103].
1.3.3.2 pH
The presence of ionizable groups in the gel can render it responsive to the pH of the
medium is brought in contact with. pH of the medium determines the degree of
ionization, and if the polymer chains in the gel are held together by ionic interactions,
then gels would have different properties at different pHs. The sensitivity of the gels to
pH makes them very attractive for use in drug delivery systems. Controlled release of
drugs at different locations in the digestive tract can be made possible by exploiting the
differences in the locations' pH. pH-responsive gels have also been shown to find use in
the fabrication of microfluidic devices [104]. An example of such a polymer gel is that
made from poly(acrylic acid) and poly(hexyl ethyl methacrylate) [105]. Poly(glutamic
acid) copolymerized with poly(ethylene oxide) shows rapid swelling and deswelling on
changes in pH [106].
1.3.3.3 Light
Gels incorporated with light sensitive moieties can be made to changes in physical and
chemical structure on the application of light. Examples of such light sensitive moieties
include Bis(4-dimethylaminophenyl)-4'-vinylphenyl-methane-leucocyanide [107],
copper chlorophyll [108], and chlorophyllin [109] all of which have been copolymerized
with NIPA to give light sensitivity to thermo-responsive gels. The application of UV light
on the first two gels and the application of visible light on the third have been shown to
result in sharp, discontinuous volume phase transition. Such light sensitive materials can
find applications in photoresponsive artificial muscles, switches, and memory devices
(ref 45 in 331). The mechanism causing these effects varies on case to case basis. While
the photoionization of bis(4-dimethylaminophenyl)-4'-vinylphenyl-methane-
leucocyanide and the osmotic pressure of the resulting cyanide ions is the cause of
volume change in one case, it is the local heating of the chlorophyllin moieties by the
action of visible light which results in abrupt volume change in the other.
1.3.3.4 Magnetic field
Magnetic nanoparticles have been embedded into polymer gels to render the gels
responsive to the action of magnetic field. The orientation and the alignment of the
magnetic particles inside the gel matrix can be modified by using suitable magnetic field
in such a way that the resulting material has anisotropic properties [110]. Polymers with
magnetic particles embedded in them have been proposed to have applications in
catalytic systems and magnetic separation kits [111]
1.3.3.5 Redox reaction
Gels prepared by polymerization of redox active species shows different properties
depending upon the redox state of the moieties. When thermo-responsive monomers have
been copolymerized with another monomer, in most cases vinylferrocene, which can
undergo reversible oxidation and reduction, the phase transition temperature of the
resulting gels has been found to depend on the oxidation state of the redox moieties [112-
114]. Presence of charge on the moieties makes the gel more hydrophilic causing an
increase in the lower critical solution temperature. The increase in the hydrophilicity of
the redox gels when the redox active species is charged has been used by Tabata and co-
workers to prepare self-oscillating gels [115]. The cyclic nature of the redox reaction of
ruthenium(II) tris-(2,2'-bipyridine) has been exploited in this work to cause swelling and
deswelling of the gels. Such gels can find application for the synthesis of artificial body
parts, like heart.
The gels described above are only few examples of the large number of redox
polymers which have synthesized and analyzed. These polymers will be discussed in
detail in section 1.4.
1.3.3.6 Other stimuli
The properties of gels have been known to change as a function of the chemical
environment they are subjected to. Gels have been shown to have different properties in
different solvents [98]. Incorporation of enzymes and receptors in gels has been explored
extensively [116-119]. Such gels when put in a medium containing a target molecule bind
with the molecule, and the change in equilibrium due to the binding causes change in
properties of the gel including its volume phase transition [120]. Stress dependent gels
have been used for designing self healing materials [121].
1.4 Redox reactions and redox responsive moieties
Redox (short for reduction-oxidation) reactions are the class of chemical reactions which
lead to a change in the oxidation state of the reactants. The change in the oxidation state
can result from exchange of electrons within the different reactant species leading to the
formation of new products (e.g. displacement of copper from copper sulfate solution by
iron) or by the application of an external potential source which can remove electrons
from one of the reactants in an electrochemical oxidation half-cell and provide the other
reactant in the electrochemical reduction half-cell with these electrons to maintain
electroneutrality (e.g. electrolysis of water). The branch of science which deals with this
kind of reactions arising from the interplay of electrical and chemical effects is called
electrochemistry [122]. All redox reactions are made up of two independent half-
reactions corresponding to oxidation and reduction respectively. The thermodynamic
feasibility of a redox reaction is measured in terms of the free energy change associated
with the reaction, AG. Even though the free energy change is not a directly measurable
quantity, it can be obtained by using the relation in equation (1.3).
AG = -nFE, (1.3)
where n is the number of electrons transferred, F is the Faraday's constant, and Erxn is the
electrostatic potential difference between the reduction half-cell and the oxidation half-
cell. The larger the potential difference, more negative would be the free energy change,
and more would the formation of the products be energetically favorable. The value of
Erxn depends on the concentration of the various species in the reaction medium. To allow
comparison of the tendency of different materials to get oxidized or reduced, the
universally accepted convention is to measure the reduction potential of the material with
reference to the standard hydrogen electrode (SHE) which has been arbitrarily assigned
zero potential. This measured value of the potential is called the standard electrode
potential, and can be found listed in texts and handbooks [123]. The difference between
the standard reduction potentials of the species which get reduced and oxidized
respectively in a given redox reaction is referred to as standard emfof the reaction.
In theory, all elements and compounds can be made to accept an extra electron (or
in other words get reduced) or loose an electron (alternatively stated, get oxidized).
However, what distinguishes the commonly studied redox active species from the rest is
the small difference between the energy levels of the reduced and the oxidized states
allowing the species to reversibly change oxidation states in response to low to moderate
values of the applied potential. On the other hand, metals like gold and platinum are
considered inert in electrochemical reactions because potential in excess of 1.5V need to
be applied to oxidize them. Since gold and platinum would not show any electrochemical
activity in the low potential range, they can be used for making electrodes modified with
other redox species. Several transition metals show interesting redox properties. The
electrochemistry of organic compounds has been revolutionized since the discovery and
novel syntheses of organometallic compounds. The first organometallic compound to be
discovered was ferrocene. It has been the most widely studied redox-active
organometallic moiety, and is the moiety of choice in this project. The chemistry of
ferrocene is discussed in the following sub-section followed by a brief discussion of other
redox-active species studied in organic chemistry.
1.4.1 Ferrocene chemistry
The discovery of ferrocene in early 1950s [124] drew the attention of the scientific
community to this metallocene, as it possessed a vast organic chemistry, enabling easy
attachment of the ferrocene group to other organic compounds, and also underwent
reversible one electron oxidation to ferricenium ion [125]. For the first couple of decades
after the discovery, the chemists around the world made efforts to understand the
structure and the chemistry of ferrocene and its derivatives. Ferrocene molecule contains
a ferrous atom 'sandwiched' between two aromatic rings of cyclopentadienyl [126]. The
two cyclopentadienyl rings are present in the antiprismatic form. The electronic structure
and the bonding in the ferrocene molecule has been discussed in detail by Rosenblum
[127]. Although ferrocene is a stable compound, the ferrous atom in ferrocene can be
easily and reversibly oxidized to its ferric form giving ferrocene its electrochemical
activity (Figure 1-2). The ferricenium salts exhibit a characteristic dichroism with the
dilute solutions being bluish-green in color while more concentrated solutions are blood
red.
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Figure 1-2 Reaction showing the reversible oxidation reduction of ferrocene
There have been reports of several possible practical applications of ferrocene and its
derivatives. The applications can be broadly grouped in the following classes:
components of redox systems, effective nontoxic medicinal substances, absorbers of
different types of radiation, and others [128]. The present work focuses on the
applications of the redox reaction of the ferrocenyl group, and the same is reviewed in
brief here, and in detail in section 2.2.2.
1.4. 1.1 Surfactants containing ferrocenyl group
Saji and coworkers pioneered the control of a molecule's properties by manipulating the
oxidation state of the ferrocenyl group attached to the molecule. The ferrocenyl group
attached to the head [129] or the tail [130] of surfactant molecules was reversibly
oxidized and reduced, and the corresponding change in the dynamic properties, like the
self-assembling behavior, of the micelles was observed. It was found that the introduction
of charge in the surfactant molecules by oxidation of the ferrocenyl group led to
disruption of the surfactant's micellar structure. This was attributed to an increase in the
hydrophilicity of the molecule. The phenomenon of disruption of micellar structure has
been used for formation of organic thin films [131,132]. Abbott and his group used the
technique developed by Saji and coworkers [131] for the synthesis of surfactant
molecules with attached ferrocenyl group and studied the change in surface tension of the
aqueous solution of the surfactant on oxidation of the ferrocenyl group [133-135].
1.4.1.2 Polymer gels containing ferrocenyl groups
Applications of polymer gels containing ferrocenyl groups have been reported in the
literature. Such gels, referred to as redox gels, have been widely shown to work as
electrochemical biosensors. Bu et al. synthesized polyacrylamide gel with attached
ferrocenyl group and containing entrapped glucose oxidase [136]. The gel was attached
to a carbon paste electrode. Current flowing during cyclic voltammetry of the electrode
dipped in an electrolyte solution was shown to be sensitive to the presence of glucose in
the solution. Recently Tsiafoulis et al. have developed a glucose biosensor based on
ferrocene intercalated vanadium pentoxide xerogel/polyvinyl alcohol composite film
[137].
Tatsuma et al. synthesized a temperature responsive redox gel of N-
isopropylacrylamide (NIPA), vinylferrocene (VF) and N,N'-methylenebisacrylamide
(BIS) [113]. It was shown that the increase in hydrophilicity of the redox gel on oxidation
of the ferrocenyl groups caused an increase in the phase transition temperature of the gel.
The results of this work assume significance in relation to present efforts to synthesize
redox gel for extraction of organics because of the following reasons-it demonstrates
that properties of gels containing ferrocenyl groups are sensitive to the oxidation state of
the group and that hydrophilicity of the gels increases when the ferrocenyl groups are
charged.
1.4.2 Other redox responsive moieties
Ferrocene may be the most widely studied redox-active organometallic compound, but
literature is full of examples of organic and organometallic compounds and polymers
made up of other redox-active moieties. A wide variety of organometallic compounds
with reversible electrochemical properties have been prepared based on pyridine.
Pyridine is an aromatic molecule which is well-known for its nucleophilic character
[138]. Pyridine and its derivatives 2,2'-bipyridine (bpy) and terpyridine act as good
ligand in coordination chemistry forming complexes with several transition metals like
ruthenium, cobalt and osmium. The resulting compounds are stable and can be modified
chemically to a polymerizable form. The redox activity of the copolymers and the
homopolymers of these organometallic compounds have diverse applications. Biosensors
have been prepared using copolymers of vinylpyridine-Os(bis-bipyridine) 2 chloride,
which has osmium in the oxidation state of II when reduced and III when oxidized, with
allylamine [139] and vinylimidazole [140]. Conducting organic wires have been designed
by synthesizing a polymer with non-bridged Os-Os backbone starting from the
monomeric [Os"(bpy)(CO) 2Cl2] complex [141]. Similar polymer based on Ru-Ru bond
has also been successfully synthesized (). Examples of purely organic redox active
species are quinine derivatives and polyanilines. Poly(acrylic acid) functionalized with
hydroquinone has been shown to have novel redox properties [142]. Polyanilines have
been widely used for making conductive polymers, the conductivity of which ca be
controlled by redox switching [143,144].
The organometallic complexes, however, are expensive, and the number of ways
in which the monomers can be modified chemically to result in polymers with different
architectures is limited, unlike ferrocene. The focus of this work is less on exploring new
chemistry for the synthesis of redox polymers and more on studying the effect of the
presence of charge on the redox moieties in the polymer on the hydrophobic character of
the polymer matrix. Thus, ferrocene presented itself as a more attractive moiety for
copolymerization.
1.5 Specific goals of research
The research work done on this project was aimed at achieving the specific goals
discussed in this section.
1. Develop stimuli-responsive polymer systems that can mimic the solvents used
for extracting butanol from water. The immobilization of the extractant molecules
by forming a gel would prevent their loss due to solubility in the feed stream, or due
to evaporation.
2. Use electric potential as the stimulus to change the affinity of the polymer for
butanol and measure the change in the butanol uptake before and after
application of the stimulus. The polymer will be functionalized with redox active
moieties, like ferrocene, which can be reversibly charged and uncharged. When the
moieties are uncharged, the environment within the gel will be hydrophobic and the
gel will preferentially swell by absorbing the organic (alcohol) molecules. The
charging of the moieties will render a hydrophilic character to the gel leading to the
expulsion of the extracted organic phase. The idea is presented in Figure 1-3.
Alcohol
Polymer
backbone
Redox moiety
-e-
Fe +e- Fe*
Figure 1-3 Schematic diagram showing the absorption of alcohol by the polymer in the
uncharged state and the subsequent release of the alcohol molecules on oxidation of the
ferrocene groups in the polymer
3. Develop a detailed understanding of the effect of the polymer composition on
its selectivity and capacity for butanol and, also, on its electrochemical behavior.
The polymer composition will be modified to enhance the preference of the gel for
alcohol and facilitate the release of the alcohol by easy oxidation of the redox groups
with small hysteresis losses.
4. Prepare electrodes having the redox polymer attached to, or in contact with a
conducting substrate. Such redox polymer modified electrodes would permit the
application of electric potential to change the oxidation state of the redox moieties in
the polymer allowing, in turn, the investigation of the properties of the gel in the
different oxidation states.
5. Develop an understanding of the electron transport mechanism within the
polymer matrix. The insights about how electrons move within the polymer layer
would be used in preparing electrodes with higher efficiency (measured in terms of
the fraction of the total redox sites that is electrochemically active) and faster
response to the application of the stimulus.
6. Model the separation that can be achieved using the redox polymer electrodes
prepared in this project. Continuous separation of butanol from the aqueous
fermentation broth is the motivation behind this project. Simulations of the separation
process will allow the estimation of effect of the extraction of butanol from the broth
on the rate of production of butanol in the fermentation reactor.
7. Evaluate the market potential of bio-butanol as a gasoline blend in the US
market. This evaluation constitutes the PhDCEP Capstone paper and is included as
part of this thesis.
1.6 Overview of thesis
The motivation for the work on this project was discussed in the present chapter. The
synthesis and characterization of novel redox polymer gels having preferential selectivity
for butanol is discussed in chapter 2. The chapter also discusses the process of selection
of the gel constituents and the effect of the different constituents on the gel's properties.
This is followed by a detailed account of the strategies employed in this project to
prepare redox polymer electrodes which forms the core of chapter 3. The synthesis and
chemical and electrochemical characterization of the electrodes is discussed therein.
Chapter 3 also explains the investigation of electron transport mechanism in the
electrodes and the separation of butanol that can be achieved using the redox polymer
electrodes in an electrochemical cell. The theoretical modeling of the continuous
separation system is the main subject of discussion in chapter 4. The effects of the
operating parameters and the system properties on the separation systems are explored in
this chapter. In chapter 5, as part o the PhDCEP Capstone Paper, the potential of butanol
produced from fermentation of biomass as the biofuel of choice to be used as a blend
with gasoline in assessed. The thesis ends with a summary of the work, the main
conclusions and recommendations for future research directions in chapter 6.
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Chapter 2
REDOX POLYMER GEL FOR THE SEPARATION OF
BUTANOL FROM WATER
2.1 Introduction
Responsive materials have revolutionized the field of material science over the past half
century finding applications in diverse fields. This project aims to develop novel redox
responsive material having preferential selectivity for butanol. The responsiveness of the
polymeric material to redox potential is intended to alter the preferential selectivity of the
material for butanol allowing its use for developing a separation system for butanol
extraction. Use of solvent extraction for alcohol removal from aqueous medium has been
reported to be one of the most effective strategies [1,2]. The use of redox responsive
materials which mimic the solvents used for alcohol extraction is being explored to retain
the advantages that solvent extraction offers and simultaneously overcome the drawbacks
of using a liquid solvent, like solvent emulsification. Moreover, synthesis of a material
with properties which can be tuned in response to electric potential as a stimulus allows
the potential use for developing a continuous separation system
Synthesis of a redox responsive polymer gel for the separation of butanol from
water poses several challenges. This chapter explains the strategies employed in this
project to finalize the monomers that can be polymerized to result in a polymeric material
which is not only redox responsive but also has preferential selectivity for butanol.
Moreover, the properties of the polymeric material and its optimum composition are
discussed in the following sections of the chapter.
2.2 Background
2.2.1 Theory of solubility parameters
Solubility parameters are used to assign a numerical value to the solvency behavior of a
specific solvent. Liquids with similar solubility parameters are expected to be miscible in
one another. Similar argument holds for the prediction of the solubility of a polymer in a
solvent. Due to this reason, solubility parameters have been widely used to aid in solvent
selection especially in coating industries.
The concept of quantifying the ability of a liquid to dissolve other substances was
first put forth by Hildebrand and Scott [3,4] who defined the liquid's solubility
parameter, , as the square root of the ratio of its molar energy of vaporization (E) and its
molar volume (V). The definition is presented in its mathematical form in equation (2.1).
5 = (E / V)' (2.1)
The ratio of the energy of vaporization and the molar volume is also known as the
cohesive energy density, and therefore solubility parameters are sometimes called the
cohesion energy parameters. The ability of the square root of cohesive energy density to
give an estimate about a liquid's solvency behavior lies in the thermodynamics of the
mixing process. It has been shown [5] that the non-combinatorial free energy change
associated with the mixing of two liquids, AG ncom , is given by
AGm. = 1 (92 VA (g g2)2 (2.2)
where, pi, < are the volume fractions of the two liquids, VV is the volume of the mixture
and Sj, 32 are the solubility parameters of the two liquids. The closer the solubility
parameters of two liquids are, smaller is the value of AGncomb , and, hence, higher the
thermodynamic likelihood of the two liquids dissolving in each other. However, a single
value of a solubility parameter for each solvent, as proposed by Hildebrand, did not
completely capture the several interactions that take place between the solvent and solute
molecules and lead to the solvation. To overcome this limitation, several researchers have
proposed multi-parameter models. The model most widely used to study the interactions
between a polymer and a solvent and between two different polymers was developed by
Hansen. This is discussed next.
2.2.1.1 Hansen solubility parameters
Hansen proposed the use of a set of three solubility parameters to describe a solvent's
ability to dissolve a solute. The three parameters accounted for the dispersion
characteristics (6D), the polar characteristics (6p), and the hydrogen bonding ability (M5)
of the solvent molecule. Although other inter-molecular interactions, like induced dipoles
and electrostatic interactions, can contribute towards cohesion energy, the three
interactions chosen by Hansen have been shown to be most important when studying the
mixing of organic molecules. The overall solubility parameter, 6, of a solvent can be
obtained from the dispersive interactions parameter, the polar solubility parameter, and
the electron exchange parameter by the use of the following relation.
2 D , (2.3)
Hansen plotted the location of different solvents in a three dimensional space
formed by the three solubility parameters. It is found that in this three dimensional
"solubility space", there exists a region around each solvent, molecules lying in which
can be dissolved by the solvent. If the dispersion parameter is doubled, this region
assumes a spherical shape centered on the location of the solvent of interest. The radius
of this solubility sphere, called the interaction radius (Ro), is characteristic of each
solvent molecule and can be determined experimentally. Distance between two molecules
in this modified "solubility space", Ra, can be calculated according to the following
formula
(Ra)2 4(D2 _D1( 2 P2 1 5 )2 + (1H2 _H1) (2.4)
Hence, the condition for solubility of one substance in another can be mathematically
expressed as
Ra/Ro 1 (2.5)
The three solubility parameters for a wide range of solvents and polymers as well
as their interaction radius are reported in the literature [6]. A rough estimate of Ro for a
substance can be made by calculating the distance of its molecule from various solvents,
which have been shown in literature to dissolve the substance of interest in the "solubility
space", and choosing the largest among the calculated values.
2.2.1.2 Conclusion
The determination of the Hansen solubility parameters of monomers and the calculation
of the distance of the monomer in the Hansen solubility space from the species of interest
can be used to get a preliminary idea of the resulting polymer's likelihood to dissolve in
the species. Hansen solubility parameters can, therefore, help in the screening of
monomers to be used for synthesizing polymers intended to be used for selectively
extracting one compound from its solution.
2.2.2 Redox polymer containing ferrocene as the redox active-moiety
The macromolecular nature of polymers allows the incorporation of different units in the
molecular framework which can be used to tune the properties of the polymer. The class
of polymers the properties of which can be changed on the application of a stimulus were
discussed in section 1.3. Polymers containing redox moieties and responsive to electric
potential as the stimulus are of most interest in this project. In particular, this section
discusses the redox responsive polymers containing ferrocene. The monumental
discovery of ferrocene in 1951 by Kealy and Pauson revolutionized the field of
organometallic chemistry [7]. The ability of the ferrocene moieties to undergo a
reversible one-electron redox reaction at low potential combined with the chemical
stability of the ferrocene and the ferricenium groups has motivated the use of ferrocene in
a wide range of applications which require redox active species. Polymers containing
ferrocene can be broadly divided into two categories-those which have the ferrocene
moieties as a pendant group hanging off the backbone chain, and those which have the
ferrocene moieties as part of the polymer backbone. Examples of polymers belonging to
each of these categories are numerous. The synthesis techniques of these polymers and
the applications for which they have been shown useful are discussed next
2.2.2.1 Synthesis techniques offerrocene containing polymers
Ferrocene group has been incorporated in polymers using several techniques. The most
widely used technique is the use of polymerization via free radical mechanism using
vinylferrocene (VF) as the monomer. The polymer prepared using this approach has the
ferrocene group hanging off a backbone of carbon-carbon bonds. Homopolymer of
vinylferrocene [8-10] as well as its copolymer with a wide variety of unsaturated
monomers [11-16], like acrylamides and substituted acrylamides, have been synthesized
and reported on numerous occasions. The typical synthesis procedure involves the
dissolving VF and the other monomer (if needed) in an organic solvent, typically 1,4-
dioxane, and adding a free radical initiator, like 2,2'-azobis(isobutyronitrile) (AIBN) to
the solution followed by deaeration of the solution to remove any oxygen in the system.
A cross-linker may be added if a solid gel is desired. The monomer solution when heated
for several hours results in the polymerization of the vinyl units to form the polymer. The
tendency of the VF moiety to act as a radical scavenger is a problem that plagues the
polymerization of VF using the free radical approach [11]. Addition of initiator in
sequential steps or continuously during the polymerization process instead of one-time
addition at the beginning is one approach that has resulted in polymers with high
molecular weights [10]. Homopolymeric thin films of poly(vinylferrocene) have also
been synthesized and deposited on electrodes using plasma polymerization [17-20]. An
interesting approach to carry out copolymerization of water-insoluble VF with water-
soluble monomer like acrylamide has been adopted by Bu and co-workers which involves
the synthesis of a VF-cyclodextrin complex as the first step. The complex renders VF
soluble in water allowing the polymerization with acrylamide to proceed in water as the
solvent [21-23].
The synthesis of polymers having the ferrocene group in the main polymer chain
was first demonstrated by Knobloch and Rauscher in 1961 [24]. They built upon the
work by Woodward and co-workers who successfully synthesized diacetyl derivatives of
the ferrocene molecule with the two functionalities present on the two different
cyclopentadienyl rings by treating ferrocene with acetyl chloride in carbon disulfide in
the presence of aluminum chloride [25]. Knobloch and Rauscher synthesized 1,1'-
ferrocenedicarboxylic acid and 1,1'-ferrocenedicarbonyl chloride, and used these
difunctional molecules to prepare a range of polyesters and polyamides by carrying out
polycondensation reactions. Since this breakthrough paper, ferrocene has been
incorporated in the main chain of polymers using similar techniques to prepare a large
variety of polyamides, polyesters and polyurethanes [26-32]. Poly(ferrocenylsilanes)
having ferrocene in the main chain have also been synthesized [33]. The strained carbon-
silicon bonds in (1,1'-ferrocenediyl)dichlorosilane have been broken to synthesize
poly(ferrocenediyl-silanes) [34,35].
An interesting technique to prepare ferrocene based redox gels has been shown by
Tsiafoulis et al in which they intercalated vanadium pentoxide xerogel with ferrocene and
used the resulting xerogel to prepare composite films with polyvinyl alcohol [36]. The
intercalation procedure was shown to be an easy way of incorporating redox moieties in a
polymer matrix and, although, no chemical linkage between the ferrocene moieties and
the polymer backbone resulted by using this technique, the polymer films were found to
be quite stable electrochemically.
2.2.2.2 Applications offerrocene containing polymers
Ferrocene groups have been primarily introduced in the polymer matrix by one of the
synthesis techniques described in the previous section to render electrochemical activity
to the resulting material. The ferrocene units can act as sites which can reversibly be
charged and uncharged and the difference in the properties of the polymer when the
ferrocene groups are in the charged (oxidized) state versus when they are in the
uncharged (reduced) state have been shown to have applications in diverse fields.
Copolymerization of vinylferrocene with thermoresponsive monomers has been shown to
result in thermosensitive, redox-active polymers. These polymers show a difference in
the lower critical solution temperatures for volume phase transition depending upon the
oxidation state of the ferrocene groups [11-13,15,16,37]. Researchers have concluded that
the higher value of LCST of these polymers when ferrocene is in the oxidized state is
because of the environment inside the polymer becoming more hydrophilic due to the
presence of the charge on the ferrocene moieties. This increase in LCST resulting from
the transition from hydrophobic to hydrophilic character of the polymer has been
observed in the case of both chemical [11,15] and electrical oxidation [12,13,16] of the
redox moieties. It should be noted that the increase in the polymer's hydrophilicity upon
inducing charges on the redox moiety was also observed by Tabata and co-workers
although the redox moiety in their case was different from ferrocene [38].
Use of ferrocene containing polymers as sensors for biological molecules like
glucose has been successfully demonstrated, and has high impact potential
[14,21,22,36,39]. Electrodes with attached redox polymer were prepared by Bu et al
[21,22]and the enzyme glucose oxidase (GOx) was entrapped in the polymer matrix on
the electrodes in its oxidized form, GOx-FAD. When the electrodes were brought in
contact with a solution containing glucose, the GOx-FAD molecules underwent a
reduction reaction with the glucose molecules forming GOx-FADH 2. The redox property
of the polymer was used at this stage to allow the GOx-FADH 2 molecules to undergo a
redox reaction with ferricenium ions in the polymer and regenerate GOx-FAD and
ferrocene. Since the presence of glucose was necessary for the formation of GOx-FADH 2
which in turn was responsible for the reduction of the ferricenium ions, only in the
presence of glucose in the electrolyte would the cyclic voltammetry of such an electrode
show both oxidation and reduction peaks. Thus, CV of the electrode with attached redox
polymer containing entrapped GOx can be used for detecting the presence of glucose in a
solution. Similar biosensors have been made by intercalating ferrocene groups in
polymers [36] and by incorporating ferrocene as part of the main polymer chain [39].
Other redox polymer based biosensors have been discussed elsewhere [40].
Ferrocene containing polymeric chains have also been used as redox-active
surfactants [41]. The solubility, surface activity and aggregation behavior of such
surfactants can be controlled by electrochemically controlling the redox state of the
ferrocene moieties. Poly(ferrocenylsilanes) offer the opportunity to use them as
polymeric electrolytes [33]. Abd-El-Aziz in his review of organoiron compounds has
highlighted the use of ferrocene containing polymers in a wide range of applications such
as for making liquid crystals, making materials with nonlinear optical properties, and
making semiconductor materials.
2.2.2.3 Conclusion
Ferrocene containing redox polymers can be synthesized in a variety of ways to result in
polymers with different molecular architectures. Copolymerization of vinylferrocene with
other vinyl monomers offers an attractive and easy route to rendering electrochemical
activity to polymers with other desirable properties. The cyclical charging and
discharging of the pendant ferrocene functionalities has been shown to result in cyclical
change from hydrophobic to hydrophilic character of the polymer. This particular
characteristic of ferrocene containing polymers motivates the study of the effect of
ferrocene oxidation and reduction on the polymer's ability to preferentially extract a
hydrophobic molecule from water.
2.3 Experimental methods
2.3.1 Materials
Hydroxybutyl methacrylate (HBMA) (94%, mixture of isomers), hydroxybutyl acrylate
(HBA) (90%), 2-hydroxyethyl acrylate (HEA) (96%), methyl methacrylate (MMA)
(99%), butyl acrylate (BuAc) (99+%), ethyleneglycol dimethacrylate (EGDMA) (98%),
vinylferrocene (VF) (97%), 2,2'-azobis(isobutyronitrile) (AIBN) (98%), N,N'-
methylenebisacrylamide (BIS) (98+%), ferric chloride (FeCl3) (97+%, anhydrous), and 1-
butanol (99+%) were purchased from Sigma-Aldrich and used as received without further
purification. Ethanol (200 proof, absolute, anhydrous) was purchased from Pharmco-
Aaper and used as received.
2.3.2 Synthesis of polymer gel
The polymer gels used in this project were synthesized in bulk via free radical
polymerization. AIBN was used as the initiator, and EGDMA as the cross-linker. When
the gel was desired to have redox properties, VF was used as a co-monomer. The
synthesis of a co-polymer gel of HBMA and VF is described here. Analogous procedures
were used for the synthesis of polymer gels made up from other monomers like HEA,
MMA, BuAc.
The molar composition of the desired gel was used to calculate the amount of
each of the reactants needed to be used in the reaction. The polymerization was carried
out in a plastic centrifuge tube, hereafter referred to as the reaction tube, sealed using a
rubber septum. Desired amount of VF and AIBN were weighed. The total amount of
HBMA required for the reaction was transferred to a test-tube using a pipette. Thereafter,
HBMA from the test-tube were divided into two parts-one part measuring lmL in
volume was transferred into another test-tube for dissolving the initiator while the
remaining volume was transferred to the reaction tube. The weighed quantity of VF was
added to the reaction tube containing HBMA, followed by the addition of the desired
volume of EGDMA. The reaction tube was sealed using a rubber septum and deaerated
by bubbling dry nitrogen gas through the contents of the tube for 30 minutes. In parallel,
the weighed quantity of AIBN was added to the test-tube containing lmL HBMA, and
the test-tube was sonicated to dissolve the AIBN. The deaeration of the reaction tube was
followed by ultra-sonicating it for 20 minutes to dissolve the VF. If undissolved VF
crystals were seen inside the tube at the end of sonication, the reaction tube was put it in
an oven pre-heated to 70'C to melt the solid VF and enable homogeneous mixing of the
molten VF and the HBMA-EGDMA solution. Typically, all of the solid VF crystals in
the tube were observed to have melted in 30 minutes. Thereafter, the solution of AIBN in
HBMA was injected to the reaction tube while continuously passing dry nitrogen gas
through the reaction tube. The reaction tube was placed inside an oven pre-heated to
70'C for 4 hours, next. After 4 hours, the tube was removed from the oven and was cut
open using a knife to remove the solid gel from it. The redox gel was placed in a beaker
containing 1,4-dioxane to wash away the unpolymerized monomers. The gel was, then,
dried in an oven and stored in a sealed tube for further characterization and studies.
2.3.3 Measurement of solvent uptake by gel
The solvent uptake by the redox gel was measured by recording the change in its weight
when it was allowed to equilibrate with excess volume of the solvent of interest. The
swelling of the gel in pure water, pure butanol, and butanol-water solutions of different
compositions ranging from 1 to 9 % (v/v) butanol were investigated as part of the present
work. A gel piece was weighed, and immersed in a test-tube filled with the solvent. The
change in weight of the gel was measured at regular intervals by removing the gel from
the test-tube, wiping the solvent droplets on its surface using a Kimwipe@, and then
weighing it. The gel was subsequently re-immersed in the solvent. The weight change
was recorded till no further change in the weight was observed for three successive
measurements.
2.3.4 Chemical oxidation of redox gel
The ferrocene moieties in the redox gel were oxidized to investigate the effect of their
oxidation on the solvent uptake behavior of the gel by reaction of the gel with a solution
of FeCl 3. A 0.1 g/mL stock solution of FeCl3 was prepared in the solvent (water o butanol
or butanol-water solution) the uptake by the gel of which was to be studied. A piece of
redox gel was weighed and immersed in the solvent. To the test-tube containing the
solvent along with the gel was added a small volume of the stock solution of FeCl 3. The
volume to be added was determined to ensure that the equivalents of FeCl 3 were in
excess of the stoichiometric amount needed to oxidize the ferrocene groups in the gel
piece being oxidized. The swelling of the gel in the solvent containing FeCl3 was
determined following the procedure described in 2.3.3.
2.3.5 Calculation of KD, a
The equilibrium distribution coefficient of butanol and water between the gel phase and
the liquid solution phase was calculated by allowing a butanol-water solution of known
concentration to equilibrate with a gel of known initial weight and measuring the
concentration of the liquid phase when equilibrium is attained to calculate the amount of
butanol uptaken by the gel by difference.
Butanol was mixed with water to prepare solutions of 1, 2, 4, 8 volume % butanol
(mass fraction of butanol in the solution = 0.008, 0.016, 0.033, 0.066 respectively).
Redox gel was cut into small pieces of nearly the same size, weighed, and the equivalents
of ferrocene groups in each of the pieces were calculated. 1mL of each of the four
butanol-water solution was transferred to two sets of four different test-tubes using a
pipette. Next, gel pieces were put in these test-tubes. One set of test-tubes was used for
calculation of KD and a of the gel in the reduced state, while the other set was used for
the calculation of these quantities in the gel's oxidized state. To the set of test-tubes
which was to be used for measuring the solvent uptake of the gel in the oxidized state
was added a known volume of 0.1 g/mL solution of FeCl3 in water. It was ensured that the
equivalents of FeCl3 added exceeded the equivalents of ferrocene in the gel piece. The
swelling of the gel was measured as described in 2.3.3. After equilibrium was reached,
the composition of the supernatant was analyzed by gas chromatography (GC) using
ethanol as the internal standard. It was assumed that the extraction of butanol by the gel
did not lead to appreciable changes in the density of the solution. This assumption along
with the measurement of the increase in the mass of the gel due to the solvent uptake was,
then, used to calculate the decrease in the volume of the liquid phase. Concentration of
butanol in the liquid phase measured by GC was multiplied by the volume of the liquid
phase at equilibrium to calculate the moles of butanol. Using an overall mass balance on
the gel-liquid system, the moles of butanol in the gel were calculated. Concentration of
butanol in the gel phase was obtained by dividing the moles of butanol present in the gel
by the volume of solvent absorbed (calculated assuming density of butanol water system
does not change appreciably with concentration). The moles and concentration of water
in the two phases were calculated by difference. The concentration of the two species in
the gel phase and the liquid phase were used to calculate KD and cc.
2.3.6 Characterization techniques
2.3.6.1 Gas chromatography (GC)
Butanol concentration in water was determined using GC. Varian CP3800 GC (Varian,
Inc.) equipped with CP8400 autosampler and flame-ionization detector (FID) was used
for carrying out the analysis. Varian's PoraBOND Q fused silica column (25m x 0.32mm
ID) designed specifically for analyzing dilute solutions of low molecular weight alcohol
in water was the column of choice. Analysis conditions were set and data analysis was
carried out using Galaxie software.
The injection temperature was set at 200*C, and the injected sample was further
diluted by mixing with the carrier gas using a split ratio of 100. The oven in which the
column was located was programmed to heat the column from 50*C to 250'C along a
linear ramp of 16*C/minute and hold the temperature at 250*C for 150 seconds. Thus, the
total sample run time was 15 minutes excluding the start-up time and the time for cooling
down in the end. The detector was set at 280'C. Nitrogen was used as the carrier gas and
air and hydrogen were used for combustion of the eluted sample in the detector.
To the samples of butanol-water solution which were to be analyzed, ethanol was
added as the internal reference. The volume of ethanol added was decided by making a
rough estimate of the volume of butanol in the sample, and adding the same volume of
ethanol using a micro-pipette. The sample was mixed using a vortex mixer, and lmL of
the resulting solution was pipetted into the GC autosampler vial and used for analysis.
0.5pL of the sample was injected into the column using the autosampler. The peaks in the
chromatograms were identified using the Galaxie software which was also used for
determining the area under the peak and for carrying out baseline correction.
GC calibration and data analysis
The calibration of the of the ethanol and butanol peaks was carried out prior to the
analysis of samples with unknown butanol concentration. Eight solutions of butanol in
water of known concentrations covering the entire range of butanol solubility in water
were prepared and a known volume of ethanol was added to the each of the butanol-water
solutions. Each of the resulting solution was mixed well to obtain the standards to be used
for calibration. These standard solutions were injected into the GC column as described
earlier to obtain chromatograms showing ethanol and butanol peaks. The area of the
ethanol and the butanol peaks was calculated using the Galaxie software.
It is known that under identical GC analysis conditions, the area per unit mole of
each compound remains constant. Let AEtOH, ABuOH denote the area of the ethanol and
butanol peaks, and nEtOH, nBuOH denote the moles of ethanol and butanol, respectively, in
the injected solution. Then the following relations hold true.
AEoH EO(2.6)
nEtOH ) sample nEtOH /standard
BOH BuOH(2.7)
nBuOH )sample YBuOH /standard
Combining equations (2.6) and (2.7), we obtain
nBuOH BuOH (ABuOH / BuOH )standard (2.8)
nEtOH )sample K AEtOH )sample (AEOH / EtOH )standard
Defining calibration constant, C, as
C = FBuOH /BuOH )standard (2.9)
(AEtOH / EtOH )standard
equation (2.8) takes the form
BuOH uOH(2.10)
EtOH /)sample \ EtOH / sample
An average value of the calibration constant was obtained by analyzing the standard
solutions using GC and then using equation (2.9). This average value of C along with the
measured area of the butanol and ethanol peaks in the chromatograms of the unknown
samples and the known value of the moles of ethanol added to the sample as an internal
standard reference allowed the use of equation (2.10) to obtain the concentration of
butanol in the sample.
2.3.6.2 Fourier Transform Infrared (FT-IR) Spectroscopy
FT-IR spectroscopy was performed on a NEXUS 870 FTIR spectrometer (Thermo
Nicolet Inc.). Spectra were recorded over the wavenumber range between 4000 cm' and
400 cm-1 at a resolution of 4 cm-1 and are reported as the average of 64 spectral scan.
Very thin pellets of solid samples were prepared by mechanical compression of a well-
mixed mixture of KBr and the sample to be analyzed. These pellets were used to measure
the FT-IR absorbance spectrum of the solid.
2.3.6.3 Ultraviolet-visible (UV-vis) spectroscopy
The absorbance spectrum of liquid solutions when irradiated with light in the UV and
visible range was obtained using Hewlett Packard 8452 spectrophotometer. A reduced
volume quartz cell of 1cm path length, purchased from Starna Cells, Inc., was used as the
solution holder.
2.4 Results and discussion
2.4.1 Selection of gel constituents
2.4.1.1 Validation of the use of HSP for monomer screening
Solubility parameters of water, ethanol and butanol were estimated using the Molecular
Modeling Pro program. The molecular structure of ten of the twelve solvents shown by
Offeman et al. [42] to be good solvents for extracting ethanol from water were also drawn
and their Hansen solubility parameters were estimated similarly. The results are shown in
Table 2-1(a) and (b). In addition, the solubility parameters of a range of commercially
available polymerizable (free-radically) monomers were estimated and are listed in Table
2-1 (c) to find their proximity to water and the alcohols in the "solubility space".
It was observed that in the "solubility space", the good extractants of
alcohols were separated from water by a "distance" greater than or equal to 30MPa1/2
from ethanol by a "distance" less than or equal to 12MPau/2, and from butanol by a
1/2
"distance" less than or equal to 8MPa . The "distances" in the solubility space were
calculated using the expression in equation (2.4). These values of 30MPa"2 12MPai/2
and 8MPa1 2 were used to non-dimensionalize the distance the monomers from water,
ethanol and butanol respectively in the "solubility space" and calculate the non-
dimensional distances of the molecules from the three solvents, iH2o, EtOH, and BuOH
_ molecule 'H201 > fl9molecule -'5EIOH olecule - BuOH
H20 - 30MPa2 >1 - 1OH molcu1/2 B 8 u <1 (2.11)
Table 2-1 Hansen solubility parameters of molecules estimated using Molecular
Modeling Pro
Hansen distance Hansen distance Hansen distance
5dispersion 6polarity 6H bonding from water from ethanol from butanol
Molecule (MPa1 /2) (MPal/ 2) (MPa1 2) (MPal/2) (MPa 112) (MPa112)
(a) Water 15.60 16.00 42.30 - 24.02 28.48
Ethanol 15.76 8.80 19.39 24.02 - 4.84
Butanol 16.14 5.65 15.79 28.48 4.84 -
(b) 1-Heptanol 17.68 3.59 11.58 33.39 10.14 5.61
1-Octanol 17.63 3.23 10.97 34.08 10.77 6.16
1-Nonanol 17.63 2.93 10.45 34.67 11.33 6.69
1 Decanol 17.61 2.68 10.00 35.17 11.80 7.14
1-Undecanol 17.59 2.47 9.60 35.61 12.22 7.54
1-Dodecanol 14.05 3.32 9.31 35.48 11.97 8.06
2-Ethyl 1-butanol 15.50 4.51 13.90 30.64 6.99 2.55
2-Ethyl 1-hexanol 17.60 3.67 11.70 33.23 9.95 5.40
2-Octanol 16.15 4.90 11.09 33.14 9.20 4.76
3-Ethyl 3-pentanol 14.98 5.86 12.13 31.85 7.99 4.34
(c) 2-Hydroxybutyl acrylate 16.50 11.51 11.36 31.32 8.60 7.38
Butyl acrylate 16.73 9.75 4.17 38.70 15.37 12.38
Ethyl acrylate 16.33 12.56 4.73 37.76 15.18 13.05
Glycidyl methacrylate 20.95 12.28 0.00 43.79 22.27 19.65
Hexyl acrylate 16.86 7.92 3.75 39.47 15.82 12.34
Hexyl methacrylate 16.38 7.15 3.57 39.76 15.95 12.32
Hydroxybutyl acrylate 17.95 10.84 13.24 29.89 7.82 6.82
Hydroxybutyl methacrylate 17.25 9.55 10.60 32.52 9.31 6.86
Hydroxyethyl acrylate 18.11 15.91 13.96 28.78 10.11 11.14
Hydroxypropyl acrylate 16.61 12.26 13.68 28.94 6.89 7.00
Lauryl methacrylate 17.21 4.80 2.92 41.06 17.19 13.07
Methyl acrylate 16.32 14.92 5.15 37.19 15.54 14.12
Methyl methacrylate 16.82 12.88 4.79 37.72 15.31 13.23
N-isopropylacrylamide 16.86 6.41 8.74 34.99 11.13 7.24
Octyl acrylate 16.94 6.66 3.44 40.06 16.27 12.49
It was expected that the polymer gels made from monomers which satisfied the
relations shown in (2.11) would have a preferential selectivity for alcohols, like butanol
and ethanol, over water. To confirm the validity of this heuristic, homopolymer gels were
made using HBMA, HBA, HEA, BuAc, and MMA respectively. The molar composition
of the HBMA gel is listed in Table 2-2. All other gels had the same molar composition of
the backbone monomer, cross-linker and the initiator. Pieces of these gels were allowed
to swell to equilibrium in excess water, ethanol and butanol. The results of the swelling
study are shown in Figure 2-1.
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Figure 2-1 Solvent uptake of homopolymer gels of HBMA, HBA, HEA, MMA, and
BuAc
Based on the solubility parameter values tabulated in Table 2-1, HBMA and HBA satisfy
the three relations in equation (2.11) and should show preferential selectivity for the
alcohols, whereas HEA's proximity to water and ethanol in the solubility space indicates
its hydrophilic character. BuAc and MMA are distant from all of the three solvents and
do not satisfy any of the three conditions. Thus, they may be expected to have low
preference for all three solvents. The swelling results confirm the preferential selectivity
of HBMA and HBA gels for butanol and ethanol over water, as reflected in the large
alcohol uptake by these gels and low uptake of water. Similarly, the experimental results
show that HEA swells more in water than in the alcohols while MMA gel does not have
preference for any of the three solvents. These results are in agreement with the
predictions made on the basis of the solubility parameters of the monomers. However,
swelling results of the BuAc gel shows its selectivity for the alcohols which does not
agree completely with the inference drawn from its location in the solubility space.
The comparison of the experimental solvent uptake behavior of polymer gels with
the conclusions drawn by using the heuristics based on the solubility parameters of the
monomers indicates good agreement. Proximity in the solubility parameter space
indicates affinity while a large separation between two molecules indicates low chances
of mutual solubility. This was confirmed for HBMA, HBA, HEA and MMA gels.
However, limitation of the heuristic was reflected in the case of BuAc gel which tells us
that the heuristic may be used only for a quick short-listing a few candidate monomers
from a long list of available monomers, but the final decision regarding the further use of
the monomer to synthesize gels with preferential selectivity for the alcohol should be
taken only after measuring the experimental solvent uptake behavior.
2.4.1.2 Monomer selection by HSP screening
Commercially available monomers, polymerizable free-radically, were screened based on
their reported preference for alcohols or the presence of functional groups which have
been shown in literature to result in affinity for alcohols. Acrylates and methacrylates,
because of their ease of polymerization, easy availability, and presence of functionalities
like the hydroxyl and carboxyl groups, formed the majority of the monomers which
passed this screening test. The HSP of these monomers was determined (Table 2-1(c))
and HBMA and HBA were found to satisfy the heuristics developed in the previous sub-
section. However, the swelling study results presented in Figure 2-1 show that the affinity
of HBMA for butanol is roughly twice that of HBA. In addition, the price of a unit
volume of HBA ($117.50 per 25mL as per Sigma-Aldrich's catalog) was found to be
more than six times the price of HBMA ($76.40 per 100g as per Sigma-Aldrich's
catalog). Keeping these considerations in mind, HBMA was selected to form the redox
polymer backbone.
2.4.1.3 Redox monomer selection
Ferrocene was chosen as the redox moiety to be incorporated into the polymer matrix
because of its well-studied single electron redox behavior. To allow the attachment of the
ferrocene unit as a pendant group, VF was selected as the monomer which could be co-
polymerized with HBMA via free-radical polymerization to form a redox polymer gel.
VF is commercially available and has been used to make redox polymers with a variety
of co-monomers in literature [11-14,21]. Moreover, it does not degrade on heating up to
temperatures of 100'C. This property allowed the initiation of the polymerization using
initiator which could produce free radicals on heating.
2.4.1.4 Cross-linker selection
Free radical polymerization requires the use of a molecule with at least two sites of
unsaturation (presence of double bonds) which can propagate the chain extension for use
as a cross-linker. Commonly used free radical cross-linkers in literature are BIS [12,21],
EGDA [43], and EGDMA [44,45]. Of these three compounds, EGDA is less often used
due to its prohibitively high cost ($108.00 per 5mL as per Sigma-Aldrich's catalog).
Therefore, BIS and EGDMA were used for gel synthesis. The use of EGDMA was
preferred because it is a liquid at room temperature which is miscible in HBMA whereas
BIS is a solid at room temperature having a finite solubility in HBMA and has to be
dissolved in the monomer by sonicating the mixture for some time before bulk
polymerization can be carried out.
2.4.1.5 Initiator selection
All of the gel constituents chosen had good thermal properties up till temperatures less
than 100'C. Thus, polymerization was initiated using initiator molecules which could
produce free radicals on heating to temperatures close to 70'C. In this temperature range,
AIBN is one of the most commonly used initiator in literature [11-13,41], and was
selected for use in the gel synthesis in this project as well.
2.4.2 Demonstration of the ability of FeCl 3 to oxidize ferrocene
2.4.2.1 Oxidation offerrocene by FeCl3
The oxidation of ferrocene by anhydrous FeCl 3 is well documented in literature [34]. It
has been shown that FeCl3 oxidizes ferrocene containing polymers with a stoichiometry
of 2FeCl 3 per cation produced. This result motivated the use of FeCl3 as the chemical
oxidizing agent for the oxidation of ferrocene containing polymers synthesized in this
project. The ability of FeCl3 to oxidize ferrocene was confirmed independently in this
project by examining the effect of the addition of FeCl3 to a solution of ferrocene in
butanol and the consequent changes in the color and the UV-visible absorption spectrum
of the solution. The solutions of both ferrocene and FeCl 3 in BuOH are yellow in color.
The UV-vis absorption spectrum of solutions of ferrocene and FeCl3 in butanol,
respectively, is shown in Figure 2-2. Ferrocene shows an absorption peak at 227nm and
280nm corresponding to the T -> iT* transition of the cyclopentadiene ring [34].
Ferrocene also gives a broad, relatively weaker peak at 450nm which is the result of the
symmetry forbidden transitions of electrons from non-bonding aig to the antibonding eig*
level of the iron 3d-orbital [46]. FeCl3 gives a very broad peak with an extended shoulder
from 280nm to 450nm. This observation is consistent with the result in literature [34]. It
is important to note that the solution of neither ferrocene nor FeCl 3 absorb light of
wavelength 642nm.
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Figure 2-2 UV-vis absorption spectra of solution of (a) ferrocene, and (b) FeCl3 in
butanol
On the sequential addition of drops of FeCl 3 solution to the ferrocene solution, the color
of the ferrocene solution was observed to change from yellow to green to blue. The
change in the color manifested itself in the change in the absorption spectrum (Figure
2-3). New peak was observed at 642nm, the magnitude of the height of which increased
on increasing the amount of FeCl3 solution added. The peak at 642nm characterizes the
symmetry-allowed 2E2g -> 2E1u transition of the ferricenium cations confirming the
successful oxidation of the ferrocene by FeCl3.
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Figure 2-3 Series of UV-vis absorption spectra of ferrocene solution in butanol obtained
after drop-wise addition of FeCl3 to the solution
The oxidation of ferrocene moieties in the redox polymer gel when the gel is brought in
contact with FeCl 3 containing medium was apparent by the change in the color of the gel
from orange to dark blue as can be seen in Figure 2-4.
Figure 2-4 Image
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of HBMA-VF gel (a) in reduced state, (b) in swollen state after
oxidation by FeCl3
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2.4.2.2 Calculations to show that the decrease of butanol uptake by gel on addition of
FeCl3 is not due to increase in solubility of butanol in water
The ability of FeCl 3 to chemically oxidize the ferrocene moieties in a redox polymer gel
was confirmed by the results shown in section 2.4.2.1. However, to attribute the
difference in the solvent uptake of such an oxidized gel from that of a gel in the reduced
state to be arising from the change in the environment inside the gel alone, namely
oxidation of ferrocene groups, it needs to be ensured that the presence of FeCl 3 in the
liquid phase does not cause appreciable change in the activity coefficient, and therefore
solubility, of butanol in that phase. In other words, if the addition of FeCl3 makes the
aqueous environment more butanol friendly then less of the butanol would tend to diffuse
into the gel, and the decrease in butanol uptake by the would, in such a case, be not
because of the oxidation of the ferrocene moieties. The effect of the presence of FeCl3 on
the solubility of butanol in water was determined by doing thermodynamic calculation
using ASPEN.
The fundamental equation valid in all systems involving equilibrium between two
liquid phases is given by
x1yf = x7' (2.12)
where xi, y, denote the mass fraction and activity coefficient of component i and I and II
denote the two liquid phases. The solubility of component i in phase I can be determined
by bringing phase I in contact with pure component i as phase IL In such a case, the mass
fraction of component i in II, x7', would be equal to unity and because phase II is pure
component i, the activity coefficient of component i in II, y", would also equal unity.
Thus, the value of saturation mass fraction of component i in phase I can be determined
by using the following form of equation (2.12)
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To allow the use of equation (2.13) for determining the solubility of butanol in an
aqueous solution containing different concentration of FeCl 3, the activity coefficient of
butanol in such solutions was determined using ASPEN. The percentage change in the
value of the activity coefficient of butanol at different FeCl 3 concentrations is plotted in
Figure 2-5 (a). The percentage change in the solubility of butanol due to the change in the
activity coefficient obtained using equation (2.13) is plotted in Figure 2-5 (b).
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Figure 2-5 (a) Plot of the percentage change in the activity coefficient of butanol in a
solution of butanol in water (having 2, 4, or 6mol% butanol) as a function of the mass
fraction of FeCl 3 in the solution; (b) plot of the percentage increase in the solubility of
butanol in water as the mass fraction of FeCl3 is increased
It can be seen from the plots that as the mass fraction of FeCl 3 in the aqueous phase
increases, the activity coefficient of butanol decreases leading to a higher butanol
solubility in the aqueous phase. However, over the range of FeC13 mass fraction of 0 to
0.016 used in this project, the activity coefficient of butanol decreases by less than 2%.
This results in less than 1.5% increase in the solubility of butanol in such FeCl3
containing aqueous solution.
On the basis of these calculations, it was confirmed that the decrease in the
butanol extraction by the gel in the presence of FeCl 3 was a result of the decreased
butanol affinity of the gel in the oxidized state and not because of an increased butanol
affinity of the aqueous phase. The use of FeCl 3 for the chemical oxidation of the
ferrocene moieties in the gel was, therefore, validated.
2.4.3 FT-IR spectra of poly(HBMA), poly(VF), poly(HBMA-co-VF), VF
Gels were synthesized using the technique described in section 2.3.2 by
homopolymerization of HBMA or co-polymerization of HBMA and VF. In addition, VF
was homopolymerized using a technique similar to the one described in 2.3.2 but without
addition of any cross-linker. The polymerization of VF was carried out using solution
polymerization using 1,4-dioxane as the solvent. The FT-IR spectra of these polymers
and polymer gels were measured and are presented in Figure 2-6. In addition, the FT-IR
absorbance spectrum of VF is shown. The ferrocene moieties are characterized by a peak
at 3090cm' which is evident in the spectra of VF, poly(VF), and poly(HBMA-co-VF).
The peak is absent in the spectrum of poly(HBMA). Careful comparison of the spectra
shows the presence of sharp peaks in the 810-830cm-1 range and at 1105cm-1 in the
ferrocene containing compounds (VF, poly(VF), and poly(HBMA-co-VF)). The former is
characteristic of the cyclopentadienyl ring-metal (iron) stretching [47], while the latter
is characteristic of the asymmetric ring in-plane vibrations [48].
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Figure 2-6 FT-IR absorbance spectra of (a) poly(HBMA) gel, (b) poly(HBMA-co-VF)
gel, (c) poly(VF), and (d) VF
2.4.4 Optimization of gel composition
2.4.4.1 Composition of the different gels synthesized
The effect of the different gel constituents-backbone monomer, redox monomer, cross-
linker, and initiator-on the properties of the gel was ascertained by synthesizing gels
with different composition. The composition of the gels is listed in Table 2-2.
Table 2-2 Molar composition of polymer gels synthesized
mole % of constituents
Name of gel HBMA VF BIS EGDMA AIBN
HBMA gel* 95.60 - 2.27 - 2.13
HBMA-VF-1 gel * 95.42 1.40 1.64 - 1.54
HBMA-VF-2 gel * 93.94 2.35 1.88 - 1.83
HBMA-VF-3 gel * 66.97 19.85 - 8.37 4.81
HBMA-VF-4 gel * 72.91 21.61 - 3.04 2.44
HBMA-VF-5 gel ** 72.91 21.61 - 3.04 2.44
HBMA-VF-6 gel ** 74.04 21.94 - 1.54 2.48
HBMA-VF-7 gel ** 73.47 21.77 - 2.30 2.46
HBMA-VF-8 gel ** 72.36 21.44 - 3.77 2.43
* Initiator added only at the start of polymerization
** Initiator added in three equal parts at the beginning of polymerization,
and after 30 and 60 minutes respectively
The effect of the increase in ferrocene concentration was estimated by comparing the
properties of HBMA-VF-4 gel, with high VF content, with the properties of HBMA-VF-
2, with low VF content. The cross-linker concentration was varied between HBMA-VF-
3, HBMA-VF-4, HBMA-VF-6, HBMA-VF-7, and HBMA-VF-8 gels. Literature
suggested that the polymerization of VF could be enhanced by sequential addition of the
initiator instead of the addition of all of the initiator at the beginning of the
polymerization [10]. Thus, HBMA-VF-5, HBMA-VF-6, HBMA-VF-7, and HBMA-VF-8
gels were synthesized by addition of the initiator dissolved in HBMA in three equal steps
separated by time intervals of 30 minutes. The remaining gels were prepared by addition
of the required weight of AIBN at the very beginning. The amount of initiator was not
varied much and kept constant at around 2mol%, while the mole percentage of HBMA
was calculated by difference.
2.4.4.2 Parameters used to compare ability of gel to extract and release butanol
The properties of gels of different compositions were compared to arrive at the
composition most suitable for use in designing a separation system. The properties of
interest were the gels' preferential selectivity for butanol in the reduced and the oxidized
states, and the total solvent uptake capacity. The former determines if the gel can
selectively extract butanol from aqueous solution when the ferrocene moieties are in the
reduced state, and if the extracted butanol can be released into a stripping medium when
the ferrocene groups are charged. The solvent uptake capacity is of importance since a
gel which has preferential selectivity for butanol and can uptake more solvent, and
therefore more butanol, can produce a larger reduction in the concentration of butanol in
the aqueous phase it is brought in contact with. However, the properties of different gels
can be compared only if the properties can be quantified. Thus a set of three parameters
was chosen to reflect numerically the three properties of interest. These three parameters
were:-
(i) Separation factor in the reduced state, ad , defined as the ratio of the
distribution coefficients of butanol and water between the gel phase (in the
reduced state) and aqueous liquid phase, KD.
rK red
rd D,BuOH re Xe
a - K red where K" - gel (2.14)
D,Water X/q
It is important to note that the mass fraction in the gel phase, xgel, is defined on
a gel mass free basis, i.e. by dividing the mass of the component of interest
(butanol or water) in the gel phase by the total mass of solvent absorbed by
the gel.
(ii) Ratio of separation factors in the reduced and the oxidized states, Vf, defined
as the ratio of the separation factor of the gel in the reduced and the oxidized
states.
red
, a (2.15)
a
where aO" is the separation factor of the gel in the oxidized state defined in a
manner analogous to equation (2.14) but by using the distribution coefficients
of butanol and water between the gel and the aqueous phases when the gel is
oxidized.
(iii) Solvent uptake capacity, A, defined as the percentage increase in the mass of
the gel when the gel is allowed to equilibrate with excess butanol.
It can be easily noted that the separation factor in the reduced state and the ratio of the
separation factors in the reduced and the oxidized state are expected to be functions of the
butanol concentration in the liquid phase. To assign each gel a unique value of these
parameters to allow easy comparison, these parameters, d-ed and , were evaluated when
the mass fraction of butanol in the aqueous phase, Xlq, was equal to 0.066 (which is close
to butanol's solubility in water). Hence, the parameters used to compare the properties of
the gels were, ard Xhq=O.O66  Xl-O.O66 , and A.
As has been discussed, a gel would be considered more suitable for use in
designing a separation system if it showed preferential selectivity for butanol in the
reduced state, the selectivity for butanol decreased on the gel's oxidation, and it had a
large solvent uptake capacity. These three properties translate to larger values of the three
parameters, ah , and A, based on the definition of these parameters.
Hence, a gel with higher values of one or more of these parameters was considered
superior' than another gel having lower values.
2.4.4.3 Capacity and selectivity of gels of different compositions in the reduced and
oxidized state
The gels with the composition tabulated in Table 2-2 were allowed to swell in the
reduced state in a solution of butanol in water with the initial mass fraction of butanol
varying from 0.01 to 0.066. The experimentally measured distribution coefficients of
butanol and water between the gel phase and the liquid phase was used to calculate the
separation factor, ded, as a function of the mass fraction of butanol in the supernatant at
equilibrium. The variation of ded with mass fraction of butanol was extrapolated to
obtain the separation factor when the mass fraction of butanol in the supernatant was
0.066, ared x,,q=0.066 . Similar measurements were carried out to determine separation factor
in the oxidized state of the gel at a value of Xig equal to 0.066, a" which, in turn,
was used to calculate V y, 0.066 as defined in equation (2.15). The capacity, A, was
determined by swelling the gels in excess butanol. The values of these parameters for the
different gels are listed in Table 2-3.
Table 2-3 Comparison of properties of gels of different compositions
Name of gel a red Xq =0.066 V" Xq =0.066 A
HBMA gel 12 - 450
HBMA-VF-1 gel 10 1 415
HBMA-VF-2 gel 9.5 1 435
HBMA-VF-3 gel 6.5 5.5 25
HBMA-VF-4 gel 7.5 4 77
HBMA-VF-5 gel 7.7 4.1 81
HBMA-VF-6 gel 8.2 4.3 153
HBMA-VF-7 gel 8.1 4.4 127
HBMA-VF-8 gel 7.8 4.2 54
(i)Effect of ferrocene content
The role of ferrocene moieties in the gel is to cause the decrease in the preference of the
polymer for butanol on oxidation. HBMA-VF-1 and HBMA-VF-2 gels containing less
than 3mol% ferrocene, and composed primarily of HBMA, showed high selectivity for
butanol in the reduced state, reflected in the high aed values, and large capacity
for butanol. However, the selectivity for butanol did not decrease significantly on
oxidation of the ferrocene moieties. The values of 0066 obtained for these gels were
close to 1. The presence of charge on the ferrocene moieties when they are oxidized is
expected to lead to an increase in the hydrophilic environment in a region around the
pendant ferrocene group. However, if the ferrocene content of the gels is low, the
presence of charge on the ferrocene moieties would not lead to altering of the chemical
environment within the bulk of the gel when they are oxidized. Therefore, the low values
of 'i'L Q.066 obtained for HBMA-VF-1 and HBMA-VF-2 gels were attributed to the
ferrocene content in these gels being less than what would be required to result in an
appreciable reduction in the preference for butanol on oxidation On increasing the
ferrocene content to close to 20mol% in HBMA-VF-4 gel, the selectivity for butanol was
found to decrease when the gels were oxidized. The significantly larger percentage of
ferrocene does make the gel prefer water over butanol when the ferrocene groups are
charged. However, the capacity of the gel was found to decrease by a factor of five and
the selectivity for butanol in the reduced state also decreased. These results indicate the
trade-off involved in increasing the ferrocene content. Alcohols, like methanol, are
known to be non-solvents for poly(vinylferrocene) [10] and the reduction in the
selectivity and capacity for butanol on increasing the ferrocene content further confirms
that gels having higher ferrocene content have lower preference for the alcohol.
(ii) Effect of cross-linker concentration
Addition of cross-linker, like BIS or EGDMA, to the monomer solution leads to
interconnection of the polymer chains resulting in the formation of one single polymer
molecule with infinite molecular weight. The polymer gel thus formed has high
mechanical rigidity, and does not disintegrate or dissolve when allowed to equilibrate
with solvents. This property is critical to the study of solvent uptake by the gel. Gels with
different molar percentage of the cross-linker were synthesized. The concentration of
cross-linker was kept at less than 4mol% in all gels except HBMA-VF-3. At this low
concentration, the cross-linker was not expected to influence the selectivity of the gel for
butanol significantly. But the solvent uptake of the gels was found to depend strongly on
the cross-linker concentration. As the cross-linker concentration was decreased from
HBMA-VF-5 to HBMA-VF-7 and finally to HBMA-VF-6, the solvent capacity, A,
increased. Also, as the cross-linker concentration was increased from HBMA-VF-5 to
HBMA-VF-8 to HBMA-VF-3, the solvent capacity decreased. A gel with low cross-
linker concentration, and consequently high solvent capacity, is desirable. However, it
was observed that the gels concentration of cross-linker less than that in HBMA-VF-6
(1.54mol%) had extremely poor mechanical properties, and pieces of such gels crumbled
into a powder when handled in the laboratory unless very careful attention was paid to
ensure delicate handling.
(iii) Determination of optimum composition of redox polymer gel for separation
Based on the comparison of properties of the gels with different compositions, it was
concluded that high ferrocene content in the gel to be used for extraction of butanol in the
reduced state and release of butanol in the oxidized state is important for ensuring the
change in selectivity of the gel for butanol when the gel is oxidized. However, based on
the experimental trends, very high ferrocene content would reduce both the selectivity
and capacity for butanol. The solvent uptake capacity of the gel can be increased by
reducing the cross-linker concentration, but reducing it below a critical value
compromised the mechanical strength of the gel.
Keeping these considerations in mind, it was concluded that the composition of
HBMA-VF-6 gel was the best among the several gels with different compositions
synthesized. The composition of HBMA-VF-6 gel is presented graphically in Figure 2-7.
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Figure 2-7 Molar composition of HBMA-VF-6 gel
This composition was selected for use in the detailed characterization of the
properties of the redox gel. Equilibrium distribution coefficients and separation factors of
this gel were measured as a function of the butanol concentration in the liquid phase. The
results are plotted in Figure 2-8 and Figure 2-9. The solvent uptake of the gel in the
reduced state, , and the oxidized state, 6, are plotted in Figure 2-10. The curves showing
the variation of KfBuOH 5,, and 5 with butanol concentration are concave upwards which
indicates an increasing preference of the gel for butanol as the concentration of butanol in
the liquid phase is increased. The swelling of the gel in the oxidized state was found to be
higher than the swelling in the reduced state. However, the swelling in the two states
were found to be nearly the same when an oxidized gel was reduced using L-ascorbic
acid and re-oxidized. This was attributed to some ferrocene sites not getting reduced
when made to undergo a reaction with L-ascorbic acid leading to electrostatic repulsion
in the gel and therefore more swelling.
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Figure 2-8 Equilibrium distribution coefficients of butanol and water between the
HBMA-VF-6 gel phase and aqueous phase when the gel is in the reduced and the
oxidized state
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Figure 2-9 Separation factors of butanol and water between the HBMA-VF-6 gel phase
and aqueous phase when the gel is in the reduced and the oxidized state
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Figure 2-10 Solvent uptake of the gel in the reduced state, p, and the oxidized state, 5
Reduced
Oxidized
MR 4
0.5
0.4
0.3
0.2
0.1
0
2.4.5 Swelling of gel in defined medium
The motivation behind the development of a stimuli-responsive polymer based butanol
separation system is its potential use in controlling the butanol concentration during the
fermentation process by extracting butanol from the broth continuously. The fermentation
broth is a complex solution containing microorganisms, a range of salts, and the products
of fermentation, like butanol. The distribution coefficient and swelling results presented
in Figure 2-8 were obtained by allowing the polymer gels to equilibrate with a solution of
butanol in de-ionized water. However, to ascertain if the other species which would be
present in the actual fermentation broth affected the gels' butanol uptake behavior, pieces
of HBMA-VF-6 were swelled in a defined medium. The defined medium was prepared
having the composition outlined by Yang and Tsao [49]. The concentration of the various
constituents in the defined medium is presented in Table 2-4.
Table 2-4 Composition of defined fermentation medium used in gel swelling studies
Constituent Concentration (g/L)
(NH4)2SO4  2.00
KH2PO4  0.75
KH2PO4.3H20 0.75
FeSO4.7H20 0.01
MgSO 4.7H20 0.20
NaCI 1.00
MnSO4.H 20 0.01
L-(+)-cysteine 0.50
Yeast extract 5.00
Asparagine 2.00
Glucose 20.00
The swelling of the HBMA-VF-6 gel in the defined medium was found to be
identical to the swelling in the binary solution of butanol and water within the
experimental error limits over the entire range of butanol solubility in water. The
invariance of the swelling in the defined medium indicated that the ionic constituents of
the defined medium did not affect the butanol extraction capability of the gel, thus
permitting the use of the gel for developing a separation system to extract butanol from
aqueous fermentation broth. Nielsen and Prather in their work on the development of
polymer resins for the separation of butanol from water also did not find the salts in the
fermentation medium causing a change in the polymer's butanol uptake behavior [50].
The conclusive test for this claim would have been the measurement of equilibrium
distribution coefficient of butanol and water between the gel phase and defined medium
phase. But the presence of ionic salts in the medium and the incompatibility of GC with
salt containing media did not allow the analysis to be carried out.
2.5 Summary and conclusions
This chapter described the synthesis and characterization of redox polymer gels which
have preferential selectivity for butanol over water when the redox moieties are in the
reduced state, and reduced selectivity when the redox moieties are oxidized. HBMA was
used as the main constituent of the gel to form the gel's backbone and give the gel its
selectivity for butanol, and ferrocene group in the form of VF was used as the redox
moiety. The preferential selectivity of the resulting gel was indicated by the proximity of
the monomers forming the polymer to butanol in the three-parameter Hansen 'solubility
space'. A series of gels with different molar concentration of the constituents was
synthesized to ascertain the effect of the gel's constituents on the gel's ability to
selectively extract butanol in the reduced state and release it when oxidized. The
distribution coefficient of butanol and water between the gel and the aqueous phase, the
capacity of the gel for butanol and the factor by which the distribution coefficient of
butanol reduces when the gel is oxidized were used as the parameters the values of which
were compared to compare the properties of gels with different compositions. It was
found that a high ferrocene and high cross-linker content caused a decrease in the gel's
capacity for butanol. However, the decease in the gel's selectivity for butanol upon
oxidation was evident only in gels with high ferrocene content. Based on this trade-off,
gel with molar composition of HBMA 74.04 mol%, VF 21.94 mol%, EGDMA (cross-
linker) 1.54 mol% and AIBN (initiator) 2.54 mol% was claimed to have the most
desirable properties among the different compositions tested, as far as use in the
preparation of a continuous separation system for butanol extraction and release was
concerned. The invariance of the solvent uptake characteristics of the gel when allowed
to equilibrate with defined aqueous fermentation medium containing butanol, salts, yeast
extract and glucose compared to the case when swelling was carried out in binary
solutions of butanol in water further lent support to the claim that the redox polymer gel
could be used for designing a real separation system that can be integrated with a n actual
fermentation reactor to carry out continuous product removal.
The oxidation of redox polymer gels in this chapter was carried out using a
chemical oxidizing agent, FeCl 3. The goal, however, is to use electric potential to carry
out reversible oxidation-reduction. The attachment of the gel to a conducting substrate to
prepare a redox polymer electrode is the topic of discussion in the next chapter.
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Chapter 3
PREPARATION AND CHARACTERIZATION OF REDOX
POLYMER ELECTRODE
3.1 Introduction
Stimuli responsive polymers can be classified based on the stimulus they respond to. This
project focuses on the synthesis, characterization and application of redox responsive
polymers having preferential selectivity for butanol such that the selectivity can be
reduced on the application of electric potential as the stimulus. The redox reaction of the
redox active moieties in the polymer is contingent upon the transport of electrons to and
from the moieties. The diffusive transport of electrons from the electrode to redox species
dissolved in a conducting liquid electrolyte is easily achievable. However, in the case of
polymers with low electrical conductivity, their attachment to a solid conducting
substrate to prepare a redox polymer electrode (RPE) is required to allow the electrons
and the counter-ions to reach deep inside the polymer matrix. The selectivity for butanol
in the oxidized state of the redox polymer synthesized in this project was studied in
chapter 2 using chemical oxidation of the ferrocene groups. This chapter describes the
techniques employed in this work to prepare RPEs and carry out their electrochemical
characterization. Moreover, investigation of the mechanism responsible for the electron
motion in the polymer has been carried out and is discussed here followed by the
successful demonstration of the use of the redox polymer electrode to carry out extraction
of butanol when in reduced state, and release the butanol into electrolyte when the
ferrocene groups in the polymer are oxidized.
3.2 Background
3.2.1 Techniques for grafting of polymers on carbon black (CB)
Carbon black is a nanoparticle having diameter in the range of 10-400nm. It is made by
incomplete combustion or thermal decomposition of hydrocarbons in a limited supply of
air at about 1000 0C [1]. Chemically, carbon black is virtually pure elemental carbon.
Elemental analysis results of carbon black show that it contains more than 97% carbon,
the remaining being oxygen, hydrogen and traces of sulfur and other elements [2]. The
carbon atoms in the interior of a carbon black particle are bonded to each other via
covalent bonds to satisfy the valences. The carbon atoms on the surface, typically, are
bonded to oxygen in the form of various functional groups, like carboxyl, phenolic
hydroxyl, quinonic groups[3]. Different grades of carbon black may vary slightly in their
properties depending on the particle size and shape, the size and shape of the aggregates
formed by the particles, and the functional groups present on the particles' surface. The
past century has seen tremendous growth in the carbon black industry since carbon black
has found applications in a variety of fields as a result of its excellent properties, such as
heat, chemical and weather resistance, light weight, electric conductivity, and low
thermal expansion [4]. Examples of industries in which carbon black finds use include
tires and industrial rubber manufacturing industries, plastic modification industries,
toners and printing ink industries, among others.
Carbon black samples which differ in the particle and aggregate shape and size,
and in their surface chemistries, show some difference in their properties. The scientific
community has focused its attention since the beginning of the second half of the 2 0 th
century on understanding the physical and chemical properties of carbon black and has
developed ways to modify the its surface chemically to directly alter its aggregation and
dispersibility properties, thus rendering it more suitable for the particular applications in
mind.. Moreover, this has been possible because the functional groups on the surface of
carbon black can be made to undergo normal organic reactions under suitable conditions
[3, 5]. A number of techniques have been used for the surface modification of carbon
black which includes surface oxidation, treatment with surfactant, plasma treatment,
polymer grafting on surface and others. Reference to works which discuss these
techniques in detail can be found in the review of carbon black modification by
Tsubokawa [4].
The present work has looked at studying the properties of polymer grafted on the
surface of carbon black particles. The different techniques employed in literature to
prepare carbon black particles with attached polymer chain are discussed in detail, next.
Several techniques can be found in literature for the attachment of polymer chains
to solid substrates [6]. These techniques can be broadly classified into one of the
following three categories:
(i) Grafting onto: This method involves the reaction of the growing end of a
polymer chain with a functional group on the substrate resulting in the
chemical attachment of the chain to the substrate and simultaneous
termination of the growth of the chain.
(ii) Grafting from: This method involves the incorporation of initiator sites on the
surface of the substrate to which monomers can add sequentially resulting in
the formation and the growth of a polymer chain.
(iii) Reaction of functional groups present in pre-formed polymer chains with
functionalized surfaces.
The attachment of polymers to carbon black has also been carried out using one of the
three approaches mentioned above. This section discusses these approaches briefly. A
detailed discussion may be found in the excellent review of carbon black
functionalization by [4].
3.2.1.1 Grafting ofpolymer onto carbon black
Growing polymer chains can be attached onto carbon black surface by the reaction of the
growing end of a living polymer chain with the inhibition sites present on the surface of
carbon black. The inhibition sites, in turn, may be naturally present on the surface or
alternatively their concentration may be enhanced by suitable chemical modification of
the carbon black to increase the probability of the reaction between the polymer chain
and these sites.
When the mechanism of the growth of the polymer chain is the attachment of the
vinyl monomer to the free radical chain propagation site, the ability of the polymer chain
to get grafted onto the carbon black surface depends primarily on the free radical initiator
used to initiate the polymerization. The radicals formed by the decomposition of peroxide
initiators, in addition to their role of initiating the formation of polymer chains, abstract
hydrogen atoms present on the surface of carbon black resulting in the formation of free
radical sites on the surface. These free radical sites then react with the growing polymer
radicals leading to the attachment of the polymer chain to the carbon black surface and
the termination of the polymerization. If azo initiators are used instead, the 'grafting
onto' approach is not very successful due to the inability of the initiator radicals to create
free radicals on the carbon black surface which may react with the growing polymer
chains as was described earlier. [7, 8]
Another interesting approach for the grafting of growing free radical polymer
chains on carbon black surface involves the pretreatment of carbon black to result in the
attachment of short unsaturated polyesters to the surface [9]. These unsaturated sites on
carbon black surface have been used to react with the radical end of a polymer chain in
the propagation stage and form a chemical bond between the chain and the polyester
attached to the carbon black. Another free radical site is also produced as a result of the
reaction to continue the propagation.
Cationic polymerization of styrene when carried out in the presence of carbon
black has been found to result in the formation of carbon black particles with the
polystyrene chains grafted onto them. The mechanism for the grafting onto reaction, as
explained by Ohkita et al and Shimomura et al. [10, 11], involves a Friedel-Crafts
alkylation kind of reaction wherein electrophilic substitution of the aromatic rings present
on carbon black surface by the living positively charged polymer chain takes place.
3.2.1.2 Grafting ofpolymer from carbon black
When the mechanism of choice for the attachment of polymer to the carbon black surface
is the initiation of polymerization at the surface and the sequential addition of monomers
to form the chain, suitable functionalization of the surface needs to be carried out apriori
to the actual polymerization. The functionalization is carried out to enrich the surface
with the groups which can initiate the polymerization. Depending upon the mechanism of
polymerization in the subsequent step, namely free radical, anionic or cationic, the
functionalization procedure differs. A list of chemical reactions that can be carried out to
introduce suitable functional groups on the surface of carbon black has been compiled by
Tsubokawa [4].
(i) Free radical polymerization
Free radical polymerization leading to growth of polymer chains from the surface of
carbon black can be carried out by attaching groups to the carbon black surface which on
suitable chemical modification yield free radical sites capable of reacting with
unsaturated monomer molecules and starting a polymer chain. The free radical initiation
sites, in turn, can be produced by the decomposition of azo groups attached to carbon
black surface, by the decomposition of peroxyester groups attached to carbon black
surface, or by the extraction of hydrogen atoms from the phenolic groups in carbon black
by ceric ions. The first of these methods is the method of choice in this project, and will
be discussed in detail in section 3.2.1.4 . The remaining two are discussed here.
Carbon black functionalized with acyl chloride group has been shown to undergo
a condensation reaction with tert-butyl hydroperoxide to form peroxyester groups. These
peroxyesters on suitable treatment decompose to yield free radicals which act as
polymerization initiators [12]. This technique has been successfully demonstrated to
result in the synthesis of poly(methyl methacrylate) chains attached to the carbon black
surface [13]
Hydroxymethylation of the aromatic groups on the surface of carbon black
particles by the treatment of carbon black with formaldehyde in the presence of alkali
catalysts has been used by to introduce alcoholic hydroxyl groups on the surface. Ceric
ions react with the alcoholic hydroxyl groups attached to carbon black to produce free
radicals, and the resulting free radicals have been used for the grafting of
poly(acrylamide), poly(vinyl acetate) and poly(acrylonitrile) [14, 15]
(ii) Anionic polymerization
Anionic graft from polymerization has been shown to allow the preparation of polymer-
grafted carbon blacks with a relatively higher percentage of grafting [4]. As in the case of
free radical polymerization, the first step in the anionic 'graft from' approach involves the
introduction of initiating sites on the carbon black surface. -OLi groups, alkali metal
carboxylate groups, and amino groups are such initiating sites.
The surface of carbon black contains a number of oxygen containing groups. On
the treatment of carbon black particles with n-butyllithium, these groups react to form a
complex having OLi groups. The OLi groups have anionic polymerization initiation
capability under suitable conditions, and have been shown to result in the attachment of
polymers of conjugated vinyl monomers [16-20], like methyl methacrylate and
acrylonitrile, and poly(styrene) and poly(a methyl styrene) [20] to the carbon black
surface.
Carbon black particles having alkali metal carboxylate groups attached to their
surface have been shown to initiate the anionic ring-opening polymerization of p-
propiolactone [21, 22]. The alkali metal carboxylate groups were obtained by the
neutralization of carboxyl groups on the surface of carbon black by alkali metal
hydroxides. The initiating activity has been shown to increase with the increase in the
atomic number of the alkali metal ion.
The polymers of a amino acids like N-carboxyanhydride have been grafted from
the surface of carbon black by initiating the anionic ring-opening polymerization by
amine groups on carbon black surface [23]. Amine groups were introduced on carbon
black surface by first preparing carbon black particles with attached acyl azide groups.
This was done by the reaction of carbon black with thionyl chloride and sodium azide in
sequence. Carbon black particles with acyl azide groups were, next, reacted with a
diamine to obtain the required amine groups on the surface.
(iii) Cationic polymerization
The carboxyl groups present on the surface of carbon black have the capability of
initiating cationic polymerization from the carbon black surface. However, the grafting
has been shown to be higher when acylium perchlorate groups have been introduced on
the carbon black surface.
The presence of phenolic hydroxyl groups in the vicinity of carboxyl groups on
the surface of carbon black particles gives the carboxyl groups higher acidity. This allows
the acid groups to initiate the cationic polymerization of several vinyl monomers [24-28].
Other polymers, like polyethers and polyether esters have also been grafted using similar
cationic polymerization [29].
The grafting of polystyrene on carbon black surface has been shown to increase
dramatically when prior to polymerization carbon black is functionalized with acyl
chloride groups and subsequently treated with silver perchlorate to give acylium
perchlorate groups on the surface [30, 31]. This approach has also been used for the
polymerization of lactones [32] and cyclic ethers [33].
3.2.1.3 Reaction between functional groups of pre-formed polymers and groups on the
surface of carbon black
Attachment of polymer to carbon black may be achieved by enabling the formation of a
chemical bond between an already formed polymer chain and the carbon black particles.
This requires the reaction of functional groups on the surface of carbon black with the
functional groups in the polymer. The presence of reactive functional groups like
isocyanates [34], acyl chlorides [35], acid anhydrides [36] on either the carbon black or
the polymer and the presence of groups like hydroxyl groups with which the reactive
groups would react in the other has been shown to be successful in forming carbon black
attached with the corresponding polymer. If the polymer contains reactive groups like
isocyanates and acyl chlorides, no chemical modification of the carbon black particles
may be needed since these may react with the phenolic hydroxyl groups on the carbon
black surface [37, 38].
3.2.1.4 Graft polymerization of vinyl monomers initiated by azo-groups introduced onto
carbon black surface
A commonly used procedure for the synthesis of carbon black particles with attached
polymer chains prepared by free radical polymerization of vinyl monomers involves
suitable treatment of carbon black particles to introduce temperature sensitive azo groups
on their surface [39-42]. These azo groups when heated in the monomer solution produce
free radical centers attached to the carbon black which can act as polymerization
initiating sites. This technique has been shown to be successful in polymerizing a larger
number of vinyl monomers than what has been possible using the peroxyester
modification discussed earlier [40].
Fujiki et al. [41] have reported the synthesis of carbon black surface
functionalized with azo group using three different chemical routes. In one approach, the
carboxyl groups on carbon black surface were converted to acyl chloride groups by the
reaction of thionyl chloride, and the azo groups were added by the subsequent reaction of
the acyl chloride group with 2,2'-azobis(2-cyano-n-propanol). The other approach
involved, first, the reaction of hydroxyl and carboxyl groups on carbon black surface with
a diisocyanate followed by the reaction of the unreacted isocyanate group with 4,4'-
azobis(4-cyanovaleric acid). The third synthesis route introduces azo groups on the
surface of carbon black via the reaction of 4,4'-azobis(4-cyanovaleryl chloride) with the
hydroxyl groups on the surface. The second and the third approach involve the reaction
of the surface hydroxyl groups. The concentration of these hydroxyl groups was shown to
be augmented by the treatment of n-butyllithium on the particles. The azo modification of
the particles was followed by the immersion of the particles in a solution of methyl
methacrylate at high temperature to allow the polymerization from the free radical sites
that result from the dissociation of the azo groups. Of the three routes, the one involving
the reaction of the carbon black particles with a diisocyanate followed by reaction with a
diacid containing an azo group was shown to result in particles with highest grafting.
Hence, this route was chosen in the subsequent work of Tamaki and Yamaguchi [42] for
the grafting of redox polymer composed of acrylamide and vinylferrocene from carbon
black surface to make high surface area three dimensional biofuel cell electrode.
3.2.1.5 Conclusion
The high electrical conductivity of carbon black and the presence of modifiable
functionalities on its surface make it an attractive material for use in making electrodes.
The method of Fujiki et al. [41] offers an easy route to achieving high grafting density on
carbon black by carrying out grafting from the surface. The advantage of this multi-step
technique is the ability to analytically determine the success of each step by confirming
the presence of the expected product which allows one to proceed on with the subsequent
steps with confidence.
3.2.2 Techniques for grafting of polymers on carbon fiber (CF)
Carbon fibers are a new breed of high-strength materials containing at least 90% carbon
obtained by the controlled pyrolysis of appropriate organic fibers [43]. The primary use
that carbon fibers have been put to is that as reinforcement in polymer matrices, like
epoxies, polyimides, etc., to produce high performance composite materials. The high
strength, fatigue and corrosion resistance, electrical conductivity, and low density and
thermal expansion of carbon fibers make them ideal for their use as reinforcements.
However, it has been found that the polymer-carbon fiber matrices are anisotropic in
strength in relation to the direction of the fibers [44]. To ensure the uniform distribution
of the applied stresses to these composites in all the directions, interfacial characteristics
between the fiber and the polymer have been investigated. It has been found that surface
modification of carbon fibers by introduction of suitable functionalities or attachment of
polymers leads to an improvement in the properties of the composite. This has been the
primary motivation behind the scientific community's interest in development of methods
to modify carbon fiber surfaces.
3.2.2.1 Attachment of chemical functionalities to carbon fibers
Researchers have looked at attaching functional groups to carbon fiber surfaces to allow
these groups to form chemical linkages with the polymer in the matrix. One such work
carried out by Palma and Ibarra (1994) [45] involves the functionalization of carbon fiber
surface with azide groups. Carbon fibers were treated with concentrated nitric acid to
oxidize the functional groups on their surface to carboxyl group. These carboxyl groups
were, in turn, made to undergo a reaction with a diazide, p-(azidosulfonyl)benzoyl azide.
The carbonyl azide group in p-(azidosulfonyl)benzoyl azide got converted to the
isocyanate group under the reaction conditions, and the isocyanate group, in turn,
underwent condensation with the carboxyl groups on the fiber surfaces leading to indirect
attachment of the sulfonyl azide group to the fiber. These fibers functionalized with the
sulfonyl azide group has been said to form strong composites with a variety of polymers.
Pittman, Jr et al [46] have adopted a similar technique of carbon fiber
modification specifically for preparing polyurethane-fiber composites with better
properties by chemically linking the polyurethane chains to fibers with enhanced amine
functionality This was achieved by, first, carrying out enhancement of the carboxyl
functionalities on the fiber surface by treating the fibers with concentrated nitric acid. The
-COOH groups were then made to react with tetraethylenepentamine to attach the amine
groups on the carbon fiber surface.
3.2.2.2 Attachment ofpolymers to carbon fibers
(i) Graft polymerization
The use of graft polymerization for the attachment of polymers to carbon fibers has been
explored extensively by Yosomiya and co-workers. They have shown successful
attachment of polystyrene [47], polyacrylonitrile, copolymer of acrylonitrile and styrene
[48], and a number of polyacrylates [49]. Carbon fibers pretreated with concentrated
nitric acid were used in all these modifications. It was claimed that the oxidation
treatment resulted in a decrease in a decrease in the degree of crystallinity of the fiber
surface [49] and enhancement of the -COOH groups which can act as sites where chain
transfer from growing polymer chains can take place leading to the grafting of the chains
on the fiber surface. The graft polymerization of styrene was enhanced by the
mercaptoethylation of the oxidized fibers to introduce pendant thiol groups on the fiber
surface. These thiol groups aided the grafting of the polystyrene chains through chain
transfer.
(ii) Grafting of redox polymer by ligand exchange reaction
Carbon fibers have a high density of polycondensed aromatic rings. These aromatic rings
can act as sites of ligand exchange reactions with metallocene molecules, like ferrocene.
The ligand exchange reaction has been used for the grafting of redox polymers containing
ferrocene to carbon fibers. Tsubokawa et al. [50, 51] synthesized copolymers of
vinylferrocene and vinyl monomers like styrene and methyl methacrylate. The
copolymers were then made to undergo reaction with carbon fibers in the presence of
aluminum chloride and aluminum powder to result in polymer grafted fibers. Grafting as
high as 60wt% of unmodified carbon fiber was reported. The chemical reaction leading to
the grafting is illustrated in Figure 3-1.
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Figure 3-1 Reaction between aromatic rings on the surface of carbon fiber and ferrocene
leading to attachment of the ferrocene containing polymer to the fiber [51]
(iii) Radical grafting from carbon fiber surface
Carbon fibers have been modified in a manner analogous to carbon black by attaching
azo compounds to their surface and carrying out free radical polymerization of vinyl
monomers initiated by the free radicals produced by the thermal decomposition of the azo
groups [52]. The carbon black modification strategy was explained in detail in section
3.2.1. However, instead of enhancing hydroxyl groups on the surface, Fujiki et al. [44]
oxidized all the functional groups on the surface of the fibers to carboxyl group by
concentrated nitric acid treatment, reacted the carboxyl groups with a diisocyanate which,
in turn, was made to undergo a condensation reaction with an azo group containing
diacid, 4,4'-azobis (4-cyanopentanoic acid). The azo groups introduced on the surface of
the fibers decomposed on heating to give free radicals and these sites were used for
growing poly(methyl methacrylate) chains from the surface. It was shown that grafting of
50wt% of carbon fibers could be achieved using this strategy with an equally high
grafting efficiency.
3.2.2.3 Summary
Like carbon black, carbon fibers offer good electrical property and opportunities to use
their chemical functionalities for surface modification. Moreover, their fibrous nature
allows easier processability than fluffy carbon black powders. Polymer attachment made
possible by ligand exchange reaction and by introduction of azo functionalities on the
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surface motivates the use of mats made of carbon fibers for making redox polymer
electrodes.
3.2.3 Initiated chemical vapor deposition (iCVD)
Surfaces functionalized with polymers find applications in diverse fields like biology,
microelectronics, antimicrobial textiles to name a few [53]. The varied applications have
led to the development of several technologies to achieve polymer coatings on these
films. The techniques may involve spraying of the polymer solution on the surface of
interest or dipping the substrate in the polymer solution [54]. Some applications,
however, require the coating to be carried out in the dry state, or in other words in the
absence of the solvent. Plasma-enhanced chemical vapor deposition has been widely used
for this purpose [55].
Over the past few years, Gleason and co-workers have developed a novel
technique named initiated chemical vapor deposition (iCVD) for the coating of free-
radically polymerizable polymers on planar and three-dimensional substrates in a single
step [54, 56-69]. iCVD involves the transport of the monomers and the initiator into the
reactor in the vapor phase, and the subsequent decomposition of the initiator molecules
into free radicals when they contact the array of heated metal filaments in the reactor.
These free radicals get adsorbed on the surface of the desired substrate, the temperature
of which is controlled, resulting in the formation of reactive sites to which the
unsaturated monomers can add in sequence, thus propagating the chain growth, resulting
in the formation of polymer molecules. A schematic description of the mechanism by
which polymerization proceeds inside an iCVD reactor is shown in Figure 3-2.
monomer and M
initiator flow
heated filaments 0 0 0
initiator
decomposikion
R + M -- P
2. primary radical and surfacemonomer adsorption polymerization
Figure 3-2 Schematic showing the flow of chemical species in an iCVD reactor and the
steps involved in the iCVD polymerization [54]
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The process is analogous to bulk polymerization, although no liquid phase is
involved. Several functional polymers, like poly(tetrafluoroethylene) [70], poly(glycidyl
methacrylate) [59], poly(2-hydroxyethyl methacrylate) [57], poly(methyl methacrylate)
[56], etc. have been successfully synthesized and characterized using this technique.
The most attractive features of making polymer films using the iCVD technique is
the lack of requirement of any solvent. The challenge of purifying the polymer by solvent
evaporation and environmental concerns arising from solvent usage are made
unnecessary, therefore [56]. The technique can be used to make copolymers from two
monomers and also to make cross-linked polymers. Moreover, the substrate on which the
polymer is to be deposited need not be heated up to high temperatures [54]. Use of a
coolant to control the temperature of the substrate allows the use of this technique for
preparing polymer coatings on heat-sensitive substrates. This has potential applications in
preparing polymer coated drugs for controlled release. The rate at which initiator
molecules get adsorbed on the substrate influences the rate of polymerization achieved by
iCVD, and the control of the substrate temperature possible in iCVD provides an
effective handle to achieve this. Researchers in the Gleason group have also
demonstrated that iCVD is one of the few techniques which can be used to create
conformal polymer coatings on fibers [53].
However, the requirement of the transport of the monomer molecules into the
reactor in the vapor phase limits the use of this technique for the polymerization of
volatile monomers which have considerable saturated vapor pressure at the temperatures
and pressures involved in the deposition process.
3.2.3.1 Ability of pentafluorophenyl methacrylate polymer deposited via iCVD to react
with amine containing compounds
An interesting application of the iCVD technique has been shown by O'Shaughnessy et
al. in 2007 [65]. The researchers have synthesized polymer films made up of
pentafluorophenyl methacrylate (PFM) cross-linked using ethyleneglycol diacrylate
(EGDA). The pentafluorophenyl ester functionality of the polymer has been shown to
remain intact during and after the polymerization. Since the pentafluorophenol group is a
very good leaving group, because of the strong electron withdrawing effect of the five
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fluorine atoms attached to the benzene ring, this polymer has been shown to be highly
reactive toward nucleophilic substitution by amines. The reactivity of the amino group
with the polymer film of PFM and EGDA has been exploited for preparing surfaces
modified with this functional polymer and their use for the detection of small molecules
as well as biological molecules like peptides characterized by presence of amine
functionalities. The reaction scheme outlining the steps involved in the attachment of
amine containing molecules to a poly(PFM-co-EGDA) coated surface is shown in Figure
3-3.
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Figure 3-3 Structure of the copolymer of PFM and EGDA deposited via iCVD on a
substrate, and the reaction of the copolymer with an amine containing compound [65]
3.2.3.2 Summary
The development of the iCVD technique to prepare thin polymer films is one of the most
remarkable breakthroughs. The use of this technique allows the preparation of
functionalized surfaces by coating of the substrates with the polymer of choice. The
presence of a very good leaving group in poly(PFM-co-EGDA) makes the polymer very
reactive towards nucleophilic substitution and presents an opportunity to attach
nucleophilic molecules indirectly to a substrate by their reaction with the polymer layer.
This idea has been explored in this project for the preparation of polymer electrodes.
3.2.4 Theory of fiber mat wetting
The last few decades have seen a revolution in the field of textiles and fibrous materials.
The science behind the interaction of these materials with the environment has been
understood in detail allowing the development of materials specific to a certain desired
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application. One of the important properties of textiles is its 'wetting' characteristics
when it is brought in contact with a liquid phase. The interfacial interaction of the solid
fiber surface with the liquid droplet and the ambient atmospheric gas phase determines
the shape of the droplet on the surface. These interactions have been explained in detail
by Patnaik et al. [71], and this section borrows from their discussion.
When a liquid is transported in a porous system spontaneously by capillary forces,
the phenomenon is termed wicking. Wicking can be possible only if the solid material
constituting the porous system is wetted by the liquid. A liquid droplet has excess surface
free energy, measured as in terms of energy per unit area and called surface tension. A
solid is wetted by the liquid, the solid surface must have sufficient surface energy to
overcome the free surface energy of the liquid. If surface tension that exists between two
phases is denoted by y and the solid, liquid and vapor phases are denoted by S, L, and V
respectively, then for a liquid placed on a solid as shown in Figure 3-4, the force balance
equation takes the form
7sy -7SL = 7LV CO' (3.1)
where 0 is the equilibrium contact angle. The equation is referred to as the Young-Dupre
equation.
7 LV
Vapor
Liquid9
SLS
Figure 3-4 Illustration of the contact angle and the forces due to surface tension at the
solid-liquid (SL), liquid-vapor (LV) and solid-vapor (SV) interfaces when a liquid is
placed on a solid surface [71]
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Spontaneous penetration requires the work of penetration, Wp, to be positive. This is the
case when the interfacial energy of the solid in contact with the vapor exceeds the
interfacial tension between the solid and the liquid. On a per unit area basis, the work of
penetration can be calculated as
W, =7Sy -- 7SL =7LVCO (3.2)
Since surface tension is always positive, the value of the cosine of the contact angle, 0,
determines the sign of Wp. The contact angle and its cosine are often used to represent
wettability of a material. With increasing wettability, the contact angle decreases and
cosO increases ultimately reaching complete wetting implied by zero contact angle.
However, the derivation of the equations above assumes a perfectly flat surface. The case
of fibrous materials is somewhat more complicated. The contact angle measured when
the size of the droplet is increased (advancing contact angle) is different from the
measurement done when the liquid is sucked out of the droplet (receding contact angle).
The measurement of both these angles should be used to draw conclusions about the
wetting of a solid fibrous substrate with a liquid.
In this project, the ability of the monomer solution to wet the carbon fiber mat is
critical to the preparation of carbon paper electrodes impregnated with the redox
polymer. The contact angle measurements of HBMA-VF solutions on CP which will be
discussed later in this chapter confirmed the ability of the monomer solution to wet CP
allowing the preparation of electrodes by impregnating CP with the redox polymer gel.
3.2.5 Fundamentals of electrochemical characterization techniques
Electrochemistry is the branch of science that deals with the interrelation of chemical and
electrical effects, focusing mainly on the study of chemical changes caused by the
passage of an electric current and the production of electrical energy by chemical
reactions. Knowledge of electrochemical phenomena has resulted in the development of
several methods or techniques, called electroanalytical techniques, which have allowed
obtaining information about behavior of, and changes in chemical systems by measuring
and analyzing electrical signals.
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This document briefly explains the important concepts of electrochemistry
necessary to understand the principles which commonly used electroanalytical techniques
are based on. These techniques are classified on the basis of the system response they
measure, next. Cyclic voltammetry (CV), the electroanalytical technique of interest in the
author's research project, is discussed in detail thereafter.
3.2.5.1 Classification of Electrode Processes [72, 73]
The complex process that takes place at an electrode-electrolyte interface can be better
understood in terms of one or a combination of two simpler fundamental processes.
When there is no flow of charge across the interface, though current may be flowing (at
least transiently), and there is accompanying accumulation of charges at the interface, the
process is called nonfaradaic. In contrast, Faradaic processes involve actual flow of
charge across the interface in accordance with the Faraday's law.
(i) Nonfaradaic processes
The behavior of an electrode-electrolyte interface in the absence of charge flow across it
can be modeled as a capacitor. The electrode material acts as one plate of the capacitor
while the opposite charges accumulated in the electrolyte in the vicinity of the electrode
acts as the second plate. The array of charged species existing at the interface is referred
to as the electrical double layer. When potential is applied to such an electrode-electrolyte
assembly, process analogous to charging or discharging of a capacitor takes place. These
will be discussed in detail in section 0.
(ii) Faradaic processes
The fundamental process of most importance in electroanalytical techniques are Faradaic
in nature, employing the transfer of electrons between the electrode surface and
molecules in the interfacial region (either in solution or immobilized at electrode
surface). The reaction at the electrode caused by this transfer of electrons can be
classified as oxidation or reduction, depending on whether electron is lost or gained by
the electrochemically active species. In the current document, electrode reactions or
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processes would in general refer to Faradaic processes, since they are of most relevance
to the electroanalytical techniques of concern, unless mentioned otherwise.
The ease with which electron transfer to or from these species takes place can be
described numerically by its electrochemical potential measured with reference to an
electrode with a known potential, called reference electrode. The internationally accepted
reference is the standard hydrogen electrode, or SHE, (Pt/H2/H*(aqueous)) which has all
components at unit activity. The potential of an electrode, when the corresponding
electrochemical species have unit activity, measured with respect to SHE is known as its
standard potential, E . The SHE's requirement of gaseous hydrogen may make it
unsuitable or inconvenient for certain electrochemical measurements. In such cases other
reference electrodes like saturated calomel electrode, or SCE, (Hg/Hg 2Cl 2/KCl (saturated
in water), EO=0.241V), and silver-silver chloride electrode (Ag/AgCl/ KCl (saturated in
water), E0=0. 197V) have been widely used.
3.2.5.2 Factors Affecting Electrode Reaction Rate and Current [72]
The exchange of electron taking place at an electrode-electrolyte interface leading to the
reduction of a species, 0, according to 0 + ne- <-> R, can be broken down into a series of
steps which govern the rate of flow of charge, or current, through the circuit. The steps
involved in such a general reaction are:
(i) Mass transfer from the bulk solution to the electrode surface, and vice-versa;
(ii) Electron transfer at the electrode;
(iii) Chemical reactions preceding or following the electron transfer;
(iv) Surface reactions, like adsorption, desorption, etc.
Each of these steps can be modeled as resistances to current flow combined in series, and
the sum of all the resistances determines the actual value of the current flow through the
system at an applied potential.
(i) Electrochemical cell resistances
The electron transfer at the electrode is followed by the transport of the charge carrier to
the counter (or auxiliary) electrode through the intervening electrolyte solution. The
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resistance offered by the solution may not be ignorable in certain cases. If the effect of
the potential drop caused by the current flow through the resistive solution, equal to iRs
where i is the current and Rs is the solution resistance, is expected to be significant,
electroanalytical instruments use a three electrode electrochemical cell assembly, wherein
instead of measuring the applied open circuit potential and the resulting current between
the working and the counter electrodes, a third electrode which is a reference electrode, is
inserted into the electrochemical cell in close proximity to the working electrode. The
potential of the working electrode is then measured with respect to this reference
electrode using an instrument with high input impedance which ensures negligible
current flow between the working and the reference electrodes. The measured potential
can then be expected to be very close to its open circuit value and the effect of potential
drop due to Rs can be ignored. The circuit diagrams for the two and three electrodes
assembly is shown in Figure 3-5.
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vs.Ref.
(a) (b)
Figure 3-5 Circuit diagram of a (a) two electrode, and (b) three electrode electrochemical
cell [72]
3.2.5.3 Mass Transfer Controlled Reactions [72, 73]
In most electrode reactions, the resistance offered by one of the several steps constituting
the entire process, is the rate-controlling. Among these reactions, the ones in which the
current flow is dictated by the rate of mass transfer to and/or from the electrode of
interest are the most common. In the problem of concern to the research work of the
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author, that of redox reaction at polymer modified electrodes, it has been shown in
literature that mass transfer rate limitations are often the most significant effect. This sub-
section, therefore, discusses the physical phenomena causing mass transfer and the
theoretical expressions to model them.
The important modes of mass transfer in the electrochemical cell are diffusion,
migration, and convection. The mathematical equation describing the mass transfer to an
electrode is called the Nernst-Planck equation. It is written below for a uniaxial process.
J,C(x)(= -DDC +i5(x) C,v(x) (3.3)
ax RT 'ax
Here, J, Di, C, and z, are the flux, diffusivity, concentration and charge (dimensionless)
of the species i at distance x from the surface,. (p is the potential at distance x while v is
the velocity with which a volume element moves at a distance x from the electrode. The
first term on the right hand side of equation 1 denotes the diffusional effects while the
second and the third terms account for migration and convection. While all the three
effects may be important, the importance of migration and convection can be reduced by
addition of excess of an inert supporting electrolyte, and by preventing stirring and
vibrations of the electrochemical cell respectively. Under these conditions diffusion
becomes the primary resistance, and its effect on the rate of reaction can be ascertained
using a suitable electroanalytical technique.
3.2.5.4 Electroanalytical techniques
The electrochemical activity of chemical species has been utilized to develop several
analytical techniques which can be used to obtain important information concerning the
species' physical and chemical properties. The widespread use of these electroanalytical
techniques can be attributed not only to the simple experimental set-up required and the
highly precise and accurate results obtained, but also to their successful use in measuring
properties like oxidation potentials, electron transfer rates, diffusion coefficients, etc.
which are difficult to measure by other methods.
Since electrochemistry involves the interplay of two physical quantities - electric
potential and the flow of electrons - techniques use one of these to excite the system
under study, and analyze the behavior of the system by measuring the changes in the
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other as the system's response. Based on which of the two is the controlled variable,
electroanalytical techniques can be said to fall in one of two categories, which are
discussed in the following subsections.
(i) Controlled current techniques f72- 741
When the flow of current through an electrochemical cell is controlled by the help of
galvanostats while the potential of its working electrode is continuously monitored using
a sensitive voltmeter, the analytical technique is said to be a chronopotentiometric or
galvanostatic technique. These techniques, though relatively less commonly used, are
valuable in studying background processes, like electrolyte behavior. If the current is kept
constant throughout the analysis, the ohmic drop due to the resistance of the solution is
also constant, and can be easily corrected by a constant potential offset. However, a
fundamental disadvantage of these techniques is that double layer charging effects are
frequently larger and occur in such a way that correction for them is not easy. The most
commonly used relation when studying a redox reaction using a constant current
chronopotentiometric technique is the Sand equation, mentioned below in equation (3.4),
which relates the current flowing, i, to the time taken, r, to oxidize (or reduce) all of the
electrochemical species present.
ir05 = 0.5nFACr45D45  (3.4)
Here, n is the number of electrons involved in the redox reaction, F is the Faraday's
constant, A is the electrode surface area, C is the bulk concentration of the analyte, and D
is its diffusivity. For a completely reversible system, the product i1 0.5 remains constant
for all values of applied current. The variation of i 0.5 with i is presented in Figure 3-6 for
systems with combined reversible electrochemical and irreversible chemical reactions.
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Figure 3-6 Qualitative plots of ir 0.5 versus i for different reactions [74]
(ii) Controlled potential techniques [72, 73, 751
A potentiostat is widely used to force the electric potential of the working electrode to a
known program, and the response is measured by measuring the current as a function of
time (chronoamperometry) or integrating the current over time to estimate the response in
terms of the total charge flowing (chronocoulometry). These potentiostatic methods are
the most commonly used electroanalytical techniques as they offer high sensitivity,
selectivity towards electroactive species, portable and low cost instrumentation, and a
wide range of electrodes that allow assays of unusual environments.
Of the several profiles possible for the variation of applied potential with time,
researchers have focused mainly on potential steps and linear potential ramps, and
cyclical variations, thereof. This is because these cases have mathematically simpler
expressions for describing the variation of potential with time, allowing for easy
calculations for the theoretical expressions for the current (or total charge flow) response,
and its comparison with the experimental measurements. Cyclic voltammetry (CV) is the
most commonly used chronoamperometric analytical technique, and is discussed in detail
as a separate section in this document. The following sub-section provides a brief
description of the potential step methods.
Potential step methods
The easiest and most useful potential step experiments involve analysis of systems in
which mass transfer is the rate controlling step, and the experiments are carried out in
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conditions which minimize migration and convection of the electroactive species. The
diffusion taking place, which determines the rate of the oxidation (or reduction) and
hence the current flow, in such systems can be easily modeled using Fick's law. Cottrell
was the first to solve for the theoretical expression for current as a function of time in
such a system when the electrode is an infinitely large plane, and the resulting equation
(3.5) has been named after him.
nFAD 5 CbU
irt) 0.5 0 "5 (3.5)
If the total charge flow, Q, is the quantity of interest, then the Cottrell equation can be
integrated over time to get the Anson equation, written in equation (3.6).
2nFAD5 Cblkt0.5 (3.6)Qt )= Z 0"'.(.6
Experimentally obtained plots of the current (or total charge flow) versus C 5 (or t 5 ) can
be used in conjunction with equations (3.5) or (3.6) to estimate the either the diffusivity
or the concentration of the analyte if the values of the rest of the variables are known or
have been ascertained independently. It is important to mention here that the
experimentally obtained plots for the Q versus t 5 , although linear, do not pass through
the origin. The intercept can be used to ascertain the capacitive charging of the electrode.
Analogous to the planar electrode configuration discussed above, expressions for
variation of current with time in similar potential step experiments but instead involving
spherical electrodes can be found in literature [72].
3.2.5.5 Cyclic voltammetry
The chronoamperometric strategy to obtain the complete electrochemical behavior of a
system is to apply a series of potential steps to a different potential, and simultaneously
record the complete current-time curves at each step .The measurements when plotted
would then result in a three dimensional i-t-E surface. If instead, the potential is increased
linearly with time, the measured value of the current captures the effect of variation of
both time and potential on the electrochemical process. Moreover, if the potential is
increased and decreased alternatively with a constant rate of change over several cycles,
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the reversibility and the stability of the redox process can be ascertained. These
immensely beneficial properties of CV, in which current response to an applied potential
having a triangular waveform is measured, makes it the most widely used technique for
acquiring information about electrochemical reactions. CV is a very powerful technique
to rapidly gain an understanding of the thermodynamics of redox processes and the
kinetics of heterogeneous electron-transfer reactions. In addition, the effect of coupled
chemical reactions or adsorption processes can be estimated.
As with other electroanalytical techniques, deciphering the information contained
in CV measurements involves understanding the theory behind the process. This is
described, next, followed by commonly used data interpretation techniques. A separate
sub-section has been included in which the use of CV for understanding polymer
modified electrodes is discussed.
(i) Theoretical Modeling of Current Flow in CV
The Faradaic and nonfaradaic characteristics of electrode processes were introduced in
section 3.2.5.1 of the document. In this sub-section, an attempt has been made to quantify
the contribution of each of these processes to the current measured in a CV experiment.
Charging Current in a Potential Sweep Experiment [721
The theoretical expression for the nonfaradaic current can be obtained by modeling the
electrochemical cell as a circuit shown in Figure 3-7, where Rs, is the solution resistance
and Cd, is the capacitance of the working electrode.
R, Cd
Potential
Source
Figure 3-7 Circuit diagram to model the charging of the working electrode of an
electrochemical cell
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If the potential is increased linearly from zero at a rate, known as scanrate, v, the current
that flows through the circuit increases in an exponential manner with a time constant of
RSCd, and is given by
i(t) = vCd[l - exp(-t/R Cd)] (3.7)
Since a CV experiment involves application of a triangular wave form, a plot of the
charging current over one complete CV cycle will look like the plot in Figure 3-8.
E
Eo vCovC
to t to t - CE O E
(a) (b) (c)
Figure 3-8 The nonfaradaic current response obtained on application of potential
waveform (shown in (a)) as a function of time (in (b)) and as a function of applied
potential (in (c)) (adapted from [72])
3.2.5.6 Faradaic Current in a Potential Sweep Experiment [72, 73, 75-80]
The Faradaic currents originate because of the loss (or uptake) of electrons at the
electrode because of oxidation (or reduction) of the electroactive species. As was pointed
out in section 3.2.5.3, the magnitude of the Faradaic current is often controlled by the
mass transfer limitations. Special cases can also be found when the transport limitations
are insignificant and the current obtained depends on the rate of change of potential at the
electrode. Voltammograms obtained in these two cases differ in shape and characteristics.
The theory explaining this difference is discussed next.
(a) Scanrate dependent Faradaic process
A common technique employed by researchers to study the electrochemistry of species in
the absence of diffusional limitations is to create an immobilized mono-layer of the
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electroactive species on electrode surfaces, and analyze the same using CV. If the
reaction taking place at the electrode be represented by the general redox reaction,
o + ne~ +-> R, then the concentration of 0 and R, denoted by Co and CR respectively, are
related by the Nernst equation (equation (3.8)).
CO = [CR exp nF(E Eo (3.8)RT
where E is the applied potential, E is the formal potential of the redox reaction.
Combining equation (3.8) with Faraday's law, one obtains
i =- (nFCOV) = -nFV CR exp I ( E - E' (3.9)
dt dt RT
If no side reactions take place then the sum Co+CR=C* remains constant at all times, and
if E is increased linearly with a scanrate v, then the expression for current (7) simplifies
to
n2F2 C*Vv ! (3.10)
i = - (3.10
RT (+0)2
where 0 is defined by equation (3.11) below.
0 = exp F( E - E)] = exp nF(vt - EO) (3.11)
IRT ! RT'
By differentiating the expression derived for the current (equation (3.10)) with respect to
time, it can be shown that the peak value of the current is obtained at E=E0 . A schematic
of the current response that will be obtained for a monolayer of such an immobilized
redox species is shown in Figure 3-9.
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Figure 3-9 Schematic of a reversible cyclic voltammogram for a monolayer of an
immobilized redox species. The peak potential and currents are denoted by Ep and ip,
while the subscripts a and c stand for the anodic and cathodic half of the cycle,
respectively (adapted from [81])
(b) Diffusion limited Faradaic process
Consider, again, the reaction 0 + ne- <-> R. If diffusion limits the rate of the reaction, then
the concentrations of 0 and R vary not only with time but also with distance from the
electrode surface. The solution of this problem is dependent on the geometry of the
electrode. The most commonly used CV experimental set-up involves a planar electrode
in an electrolyte medium. The diffusion of species to and from the electrode for this
configuration is modeled using uniaxial semi-infinite diffusion, and is discussed here.
The equation governing the transport of species is the Fick's law, written for both 0 and
R.
aco(x,zt) D a2Co(x,t) aCR(Xt) a2CR(Xt) (3.12)
at ax2  at R ax 2
The initial and boundary conditions for the system of equations are
Co(x,0)=C*; CR (X,0 )=0
Do CO(x5t) +DR C R 3.13)
/x x=0 /x x=0
CO (0,t) = exP[nF (E-EO)1
CR (0, t) RT
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The applied potential, E, starting from an initial potential, E, at any time is given by
E(t) = E, -vt (3.14)
If the diffusivities of 0 and R are nearly equal to each other, then the formal potential of
the redox reaction, E0 , is referred to as the half-wave potential and is denoted by E1 2. It
may be recalled that the current flowing through the electrode, in this case, is related to
the concentration profile of the electroactive species by the Faraday's law, as is described
in equation (3.9). Laplace transformation has been used to obtain the solution of the set of
equations in (3.12) under the conditions specified in equations (3.13) and (3.14). It has
been shown that it is not possible to obtain a completely analytical expression for the
concentration profiles, and consequently for the current response. A semi-analytical way
of representing the solution is presented in equation (3.15).
i(t) = nFAC* (irDou) 1 /2 X(o-t) (3.15)
nF
where at = -- vt and x(z) is a function the value of which can be calculated numerically
RT
and is tabulated in literature [72]. The qualitative shape of the variation of X(at) with vt is
shown in Figure 3-10.
X(at)
Vt
Figure 3-10 Schematic representation of the variation of the numerical function X(at)
with time
As can be seen from Figure 3-10, the function has a maximum value for a unique value of
time. The location of this point of maxima depends upon the thermodynamic property
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E112 among other properties. Current measured in the CV of an electroactive species is
directly proportional to X(ut) (equation (3.15)), and varies with time in a manner
analogous to X(ot). Moreover, the maximum numerical value of X(ut) can be plugged into
equation (3.15) to obtain an equation for the peak current, ip, as a function of analyte
concentration. This famous equation, shown below, is known as the Randles-Sevcik
equation.
i =(2.69 x10 ) n3 /2ADol/ 2C*vl/ 2  (3.16)
This equation holds for reactions carried out at 25'C, when A is specified in cm 2, Do in
cm2/s, C* in mol/cm3 and v in V/s. The value of current calculated, then, is in amperes.
Under these conditions, the potential at which the peak current is obtained, E, is
separated from E1/2 by 0.0285 volts. A schematic of a voltammogram obtained when
n
diffusion limits the rate of electron transfer in a CV experiment is shown in Figure 3-11.
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Figure 3-11 Schematic of a voltammogram obtained for a reversible reaction controlled
by diffusion rate
Interpreting a Cyclic voltammogram [72, 731
CV derives its popularity as the most widely used electroanalytical technique from its
convenient experimental set-up, rapid measurements, and often easy to interpret results.
This section discusses the characteristics of voltammograms most commonly found in
literature, and how the information contained therein can be interpreted.
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The reversibility of an electrochemical reaction can be established using CV by
comparing the area under the anodic and the cathodic halves of the current response. This
area represents the total charge flowing in during each of these halves, and should be
nearly equal for a completely reversible system. Moreover, reversible reactions are
typically characterized by equal magnitudes of anodic and cathodic peak currents after
correcting for the charging current. The stability of the electrochemical system can be
gauged by observing the repeatability of the CV response over several cycles in
succession.
Reactions controlled by surface electron transfer rate can easily be distinguished
from those controlled by diffusion rate by plotting the logarithm of peak current as a
function of the logarithm of scanrate. A linear plot with slope equal to unity signals an
electron exchange at the surface of the electrode controls the process and is dependent on
the rate at which the surface potential is changed (equation (3.10)), while a slope of 0.5
indicates diffusion to be the rate controlling mechanism (equation (3.16)). In addition,
diffusion controlled reactions show anodic and cathodic peaks separated from each other
by nearly 57mV. The formal potential of the redox process in such cases is the arithmetic
mean of the two peak potentials.
In some cases, it is observed that the peak current is proportional to square root of
the scanrate at low scanrates, while the dependence is linear at high scanrates, This can
be explained by recognizing that the ratio of the nonfaradaic (or charging) current to the
Faradaic current in diffusion limited cases increases as the scanrate increases (equation
(3.7) and (3.15)). Thus, at low scanrates Faradaic currents dominate while at higher
scanrates charging effects become more important.
Presence of multiple peaks in each half of the cycle may indicate multi-electron
redox process or presence of more than one electroactive species. However, sometimes if
the peak potentials of two (or more) these peaks are very close to each other, one might
observe a single broad peak instead of separate sharp peaks. Peak potentials should not
vary with scan rate for reversible reactions. If the reverse reaction is kinetically slower
than the forward reaction, the CV response is sluggish and the peak potentials vary with
scanrate. Observing scanrate dependence of the peak potentials is not uncommon for
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reversible systems. One of the several possible causes for this observation may be
significant solution resistance, Rs.
The various points discussed in the preceding paragraph are strictly adhered to
only in ideal systems. Practical systems show deviations, considerable in some cases.
Therefore, one has to be cautious when interpreting and concluding solely on the basis of
CV results. Non-idealities have been observed to be pronounced when polymers with
redox properties have been analyzed. A discussion of such cases follows.
3.2.5.7 Analysis of Redox Polymers Using CV [76, 77, 81-94]
Polymers with electrochemical activities have been the focus of numerous studies over
the past three decades because of the desire of researchers to understand the mechanism
and kinetics of charge transport within the polymer matrix, and to develop novel
applications of these materials in a wide range of fields like electrocatalysis, electronic
devices, electrochromic displays, bioelectrochemistry to name a few. Distinction needs to
drawn here between redox polymers, which contain spatially and electronically localized
redox sites, from conducting polymers, which contain delocalized electronic states.
It is not surprising to find that given the several advantages of CV (discussed in
preceding sections of this document), it has been the analytical method of choice in
majority of these studies for analyzing the electrochemical properties of these polymers.
The CV of redox polymer is typically not carried out by dissolving it in solvents. Instead,
the polymer is attached to electrodes using techniques like chemisorption, covalent
attachment to the electrode surface, and film deposition. Several works in literature
corroborate the theoretical model that electron transfer between the electrode surface and
the bulk electrolyte through the redox polymer film takes place by electron "hopping"
between neighboring redox centers rather than by the physical motion of these centers.
The electronic motion in the polymer film is accompanied by counterion motion in the
opposite direction to maintain electroneutrality. The rate of counterion transport, in most
cases, is much faster than that of electron transport. The hopping of electrons is
mathematically similar to the diffusion of redox centers through the film. However, due
to the finite thickness of these films their behavior is intermediate between the two
limiting cases discussed in sub-section 3.2.5.6. This is demonstrated in the value of the
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slope of the plot of log(ip) vs. log(v). It is often found to lie between 0.5 and 1. Moreover,
the slope changes with changes in the thickness of the redox polymer film. A useful
dimensionless number in such studies is 4=Dr/d2 where D is the diffusivity, T is the time-
span of the experiment, and d is the film thickness. For the limiting case of 4<<1 the
redox polymer films show diffusion control. When 4>>1 the voltammetric behavior is
like that of an immobilized monolayer. For 4-1, the observed behavior is a combination
of the two liming case behaviors.
It was discussed in the previous sections of this document that diffusion
controlled one-electron redox reactions give one sharp peak each in the anodic and the
cathodic halves of a CV cycle and the peaks are 57mV apart from each other on the
potential axis. The CV of polymer films seldom shows these ideal characteristics. The
peak separation often exceeds the value of 57mV. The reason for this is not unique, and
varies on a case to case basis. Sometimes this is attributed to significant ohmic resistance
of the film while in other cases it arises from slow electron transfer at the electrode-film
interface. Other effects which may cause this deviation from ideality are known, as well.
Another form deviation from ideality is observed in the absence of sharp peaks in the
voltammograms. It is thought that the chemical environment around each of the several
redox centers in a polymer film is not identical. This difference in environment results in
some of the redox sites getting oxidized easily at low potentials while others oxidize at
higher potentials. The overall effect is the broadening of the peaks. The formal potential
of the redox reaction, however, still lies between the anodic and cathodic peaks.
Effect of solvents on the polymer chain configurations is a well-established
phenomenon in polymer physics. CV of redox polymers in different solvents establishes
that solvents have a great influence on the electroactivity of the polymers. Good solvents
for the polymers are thought to be successful in penetrating the polymer film on the
electrode surface thus allowing for charge transfer and counterion motion. The
dissociated electrolyte acts, in most cases, as the counterion. If the counterion has a
tendency of chemically binding to the redox centre of the polymer film, it results in a
reduction of the electroactivity of the film.
CV of thick polymer films is usually carried out at low scanrates to allow
sufficient time for all of the redox centers to become electrochemically active. However,
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potential step coulometry has been shown to be a better approach than CV for analyzing
these films.
3.2.5.8 Summary
Loss or gain of electrons by chemical species during a redox reaction results in very
interesting change in their behavior. Electroanalytical techniques measure some of these
property changes to help in gaining a fundamental understanding of the causes of the
change in behavior, and to quantify chemical parameters of interest of the system being
studied. A range of electroanalytical tools are at the disposal of scientists today with each
one of the techniques having certain advantages over others. Of these, the most versatile
and commonly used technique is CV which finds widespread applications in getting both
qualitative and quantitative insights into the mechanisms responsible for electron transfer
at electrode surfaces. The results obtained by voltammetry of redox polymer modified
electrodes have been instrumental in explaining the electron transport in complex
polymer matrices. These explanations form the foundations of the rapid development of
novel applications of redox polymers over the past few years. Developing one such
application is the goal of the author's research, and electrochemical analysis using CV
will form an integral part of the same.
3.2.6 Mechanism of electron transport within redox polymer
Redox active polymers have been shown to find applications in a wide variety of fields
ranging from electroanalysis, biochemistry, electrocatalysis to corrosion protection of
metals. The understanding of the mechanism by which charge transport takes place
through the redox polymer matrix is critical to the development of new materials with
improved properties. The class of redox polymers can be sub-classified into polymers
that contain covalently attached redox sites and polymeric systems in which the redox-
active ions are held by electrostatic binding [93]. The redox polymers developed as part
of this project fall in the former category. Therefore, this document reviews the theories
and models which have been developed to explain the mechanism of electron transport
from an electrode through the polymer matrix having covalently attached redox sites into
the bulk electrolyte.
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3.2.6.1 Theories of electron transport
The first attempts to describe the electron transport in polymer films modeled the process
to take place by electron transfer between neighboring sites. The motion of electrons was
called 'electron hopping'. The mathematical expression to study this process involved the
use of a Fickian diffusivity term to capture the movement of electrons. It was suggested
that the diffusivity, De, was linearly proportional to the concentration of the redox species
and could be obtained from the following relation which is referred to in literature as the
Laviron-Andreaux-Saveant equation
De = ke(Ax) 2 c /6 (3.17)
where ke is the bimolecular electron transfer rate constant and Ax is the mean distance
between monolayers of redox sites. However, the simplistic picture of electron jumping
from one site to the neighboring one does not completely capture the complex process
taking place in a polymeric film. To incorporate the effects of other accompanying
phenomena, like the local segmental motion of the polymer chains, long-range chain
motion, and diffusion or migration of counter-ions, several theories have built upon the
electron hopping theory.
Dahms [95] and Ruff [96] combined the effect of physical displacement of the
redox sites with the hopping of the electrons to propose the following expression for the
apparent diffusivity, Dap, of electrons
Dap = Dphys +keS 2C /6 (3.18)
where Dphys is the diffusion coefficient of the physical displacement of the redox centers
and S is the center-to-center distance between redox sites at the time of electron transfer.
Although this model was modified by Botar and Ruff [97] and by Buck [98], most of the
following works have built upon the original Dahms and Ruff equation. Some researchers
have chosen to interpret the Laviron-Andreaux-Saveant equation as a special case of
Dahms and Ruff equation in the absence of physical displacement of redox sites (Dphys O)
and Ax=( This treatment of electron transport, though simple and attractive, fails to
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explain the observed non-linear dependence of apparent diffusivity on the concentration
of redox-active species.
Models have been proposed by He and Chen [99] and by Fritsch-Faules and
Faulkner [100] which have improved upon the Dahms and Ruff equation. He and Chen
claimed that as the polymer film becomes more and more charged, the jump achieved in
the direction of the concentration gradient in a single electron hop may be equivalent to
several electron hops. Thus, they modified hopping distance, 6, in the Dahms and Ruff
equation by a certain factor, f which itself increased non-linearly with concentration.
Their theory could successfully explain some experimentally determined variation of
diffusivity with the concentration but not all. The Fritsch-Faules and Faulkner model was
developed for systems with truly immobilized redox centers and took into account the
excluded volume of the redox sites and the decreasing probability of electron transfer
over long distances among other effects. Since the model completely ignored the
contribution of the segmental motion of the polymer chains, an effect shown to be
important experimentally, it did not gain widespread acceptance.
Leiva and co-workers [101] used the percolation theory used in solid state physics
to describe the electron transport that occurs via electron hopping between redox sites in
films. This theory predicts an exponential decrease in the probability of electron transfer
with increasing spatial separation between the redox sites from and to which transfer of
electron would take place as well as with increasing difference in energy of the two sites.
Blauch and Saveant [102] when investigating the flow of electron through
polymers containing covalently bounded redox moieties saw merit in the description of
the process as explained by percolation phenomenon. They also used as inspiration the
Dahms and Ruff model which combined physical displacement and electron hopping for
charge propagation. They proposed that when the physical motion of the segments is
either non-existent or is very slow, the charge transfer takes place primarily via
percolation through interconnected clusters of redox centers. If the concentration of the
redox groups is less than a critical concentration so as to result in mutually disconnected
clusters, no charge transport would be possible. However, they went on to add that
physical displacement of the redox centers around the anchoring points if rapid enough
could lead to reorganization of the clusters making electron transport possible. They
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termed this kind of motion of the redox sites as 'bounded diffusion'. In addition, they
pointed out that the Laviron-Andreaux-Saveant equation and the Dahms and Ruff
equation were valid only in cases where the mean field assumption was valid. When this
assumption breaks down, as in the case of polymers containing very low concentration of
redox sites, then percolation theory alone would be able to capture the phenomenon
taking place. The expression used by them to model the apparent diffusivity is shown
below.
D kac t C 3; +3 wherep= I t3C / cJ, Jt (3.19)
"" 6 1+P p ) cto I ,,
In this equation kact is the bimolecular activation-limited rate constant, c is the
concentration of the redox moieties in the polymer, A characterizes the range of physical
displacement permitted by the irreversible attachment of the redox sites to the polymer
backbone, ctot is the total concentration of all monomeric units in the polymer, fc is a
correlation factor, te and tp are the time constants characterizing electron hopping and
physical motion of the chains. It is apparent that this model builds upon the Dahms and
Ruff equation as it models the contribution to diffusion by the movement of the chains by
substituting Dphys with kact in equation (3.18). In the case of physical motion
of the chains being much faster than the rate of electron hopping, i.e. t, te, equation
(3.19) reduces to
DOP = act(32 +,2) (3.20)
The limiting case of very fast physical motion of the polymer chains leading to the
Blauch-Saveant model equation (3.20) has been found to satisfactorily describe the non-
linear variation of diffusivity with concentration of redox sites by Bu et al [103] in their
investigation of charge transport in ferrocene-containing polyacrylamide-based redox
gels. Bu and co-workers found that the diffusivity shows a U-shaped dependence on the
concentration of ferrocene in the gel Figure 3-12(a). They explained this dependence
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using the Blauch-Saveant model and found an inverse proportionality between A and
redox sites' concentration Figure 3-12(b).
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Figure 3-12 (a) Variation of apparent diffusivity, Dap, with ferrocene concentration in a
polymer gel made up of vinylferrocene and acrylamide [103]; (b) Variation of the
calculated value of bounded diffusion parameter, A, with ferrocene concentration [103]
They went on to claim that at low concentration of redox sites, the contribution of
electron hopping to charge transport is less important than the charge transport by
polymer segment motion. The charge propagation by polymer segment was found to
decrease with increasing cross-linker concentration which was expected as highly cross-
linked gels would have lower segmental 'fluidity' and thereby low rate of electron
transfer. At intermediate concentration of ferrocene, the diffusivity is lowest because of
the interplay of two effects having opposite dependence on redox species' concentration,
namely the segmental motion, which decreased with increasing concentration and
electron hopping which increased with increasing concentration of ferrocene. At high
concentration of ferrocene, the electron hopping, owing to its linear dependence on
concentration, becomes the primary mode of electron transport which results in an
increase in the apparent diffusivity of electrons through the polymer gel.
The ability of the Blauch-Saveant model to successfully capture the non-linearity in
the variation of Dap with c and its experimental validation by a number of researchers
have motivated the selection of this model for understanding the charge transport in
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redox polymer electrodes developed in this project. The similarity between the electrode
developed by of Bu and co-workers and the redox polymer gel impregnated electrode
being used in the present work further motivates the use of Blauch-Saveant model here.
3.3 Experimental methods
3.3.1 Materials
Hydroxybutyl methacrylate (HBMA) (94%, mixture of isomers), ethyleneglycol
dimethacrylate (EGDMA) (98%), ethyleneglycol diacrylate (EGDA) (90%, technical
grade), vinylferrocene (VF) (97%), 2,2'-azobis(isobutyronitrile) (AIBN) (98%), N,N'-
methylenebisacrylamide (BIS) (98+%), ferric chloride (FeCl 3) (97+%, anhydrous), 4,4'-
azobis(4-cyanovaleric acid) (ACVA) (98+%), tert-butyl peroxide (TBPO) (98%), 2-
picoline (98%), tolylene-2,4-diisocyanate (90+%), aluminum chloride (99.99%,
anhydrous, powder, trace metal basis), aluminum (99.99%, flakes, trace metal basis), 2,2-
diphenyl-1-picrylhydrazyl (DPPH) (95%), poly(tertafluoroethylene) (PTFE) (powder,
1ptm particle size), potassium thiocyanate (KSCN) (99+%), hydrogen peroxide (30wt%
in water), n-butyllithium solution (2.5M in hexanes), nitric acid (70%) were purchased
from Sigma-Aldrich. Pentafluorophenyl methacrylate (PFM) (95%) was purchased from
Monomer-Polymer & Dajac Labs. 2,2'-Azobis(2-methylpropionamidine)dihydrochloride
(AMNP) was purchased from Wako Pure Chemical Industries, Ltd.. IR transparent
silicon wafers were purchased from Waferworld. Solvents methanol, ethanol (200 proof,
absolute, anhydrous), 1-butanol (99+%), dimethyl sulfoxide (DMSO) (99.9+%), 1.4-
dioxane (99+%), toluene (99.8%, anhydrous), tetrahydrofuran (THF) (99.9+%,
anhydrous) were purchased from Sigma-Aldrich. Teflon sheets were purchased from
McMaster Carr. Vulcan XC-72R carbon black produced by Cabot Corporation was
obtained as free sample from the producers. Toray carbon paper of grades EC-TP1-060
and EC-TP1-030 were purchased from Electrochem, Inc. (Woburn, MA). Non-woven
mats of carbon fibers, C10001010T and C10004017T, were obtained as free samples
from Marktek, Inc. (Chesterfield, MO). All chemicals were used as received without
further purification.
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3.3.2 Radical grafting of polymers from CB surface
Grafting of redox polymers on carbon black surface was carried out using a series of
reaction steps, analogous to the procedure reported by Tamaki and Yamaguchi [42]. The
modified carbon black particles obtained in the end were painted onto conductive
substrate, Toray's carbon paper, to make redox polymer electrodes with high surface
area. The step-wise detail of the entire process is discussed in this subsection.
3.3.2.1 Introduction of-OH groups on CB
5g of CB was weighed and added to a dry round bottom flask of 1 OOmL volume. To the
flask was added 10mL of 2.5M solution of n-BuLi in hexane and 60mL of anhydrous
THF in an inert atmosphere inside a glove box. Since the water-absorbing ability of THF
and the ability of n-BuLi to react violently with atmospheric moisture are well known,
suitable care was taken to ensure that these chemicals were withdrawn using a syringe
inside a glove box, the humidity level of which was maintained at a value less than 6ppm
of water. After addition of the chemicals, the flask was sealed using a rubber septum and
the reaction was allowed to proceed at room temperature with continuous stirring for 2
hours. At the end of two hours, the flask was removed from the glove box in the sealed
state, and placed in an ice bath inside a reaction hood. Drop-wise addition of water to the
flask was done under continuous passage of dry nitrogen through the flask to react with
the unreacted n-BuLi. Once the bubbles stopped forming on further addition of water,
excess water was added to the carbon black particles. The washed particles were obtained
by filtration using vacuum suction. The particles were washed with water again, and
filtration was repeated to remove bulk of the water. Next, the CB particles were dried in
vacuum at 110 C overnight. The dry CB particles, referred to as CB-OH from here on,
were stored in a desiccator at room temperature for subsequent modifications. The
reaction is shown in Figure 3-13(a).
3.3.2.2 Introduction of azo groups on CB-OH
2.5g of CB-OH particles were weighed and put in a round bottom flask. 65mL of DMSO,
dehydrated using molecular sieves, was added to the flask and nitrogen gas was bubbled
through the flask for 30 minutes to fill it with nitrogen. Next, 0.5mL of a-picoline,
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followed by 0.5mL of tolylene-2,4-diisocyanate were injected into the flask paying
careful attention to the order of injection, and the mixture was heated to 60*C with
stirring for 4 hours under continuous passage of nitrogen. During the 4 hours, additional
volume of DMSO was injected at certain intervals to make up for evaporative losses.
Thereafter, the reaction flask along with its contents was cooled to room temperature. A
solution of 2g ACVA in 10mL dehydrated DMSO was prepared. When the flask had
completely cooled down, the solution of ACVA in DMSO was injected into the flask
under nitrogen. The flow of nitrogen was, then, stopped, and the reaction was allowed to
continue overnight at room temperature with continuous stirring. When the reaction was
considered complete, the modified CB particles were removed by filtration and washed
several times with methanol to remove the unreacted chemicals. The CB particles were,
next, dried in vacuum at room temperature. Small samples of the dried CB particles were
used for DPPH test (section 3.3.10.3) and sent for elemental analysis to confirm the
attachment of the azo groups on the surface. The dry CB particles, referred to as CB-azo
from here on, were weighed and stored in a refrigerator for subsequent modification. The
reactions taking place in this step are shown in Figure 3-13(b) and (c).
3.3.2.3 Graft polymerization of redox polymer on CB
0.3g of CB-azo was weighed and put in a round bottom flask. ImL of HBMA and 0.4g of
VF were dissolved in 10mL of 1,4-dioxane and the solution was added to the flask
containing CB-azo. The contents of the flask were deaerated by bubbling dry nitrogen
through the solution for 30 minutes. Thereafter, the sealed flask was kept in an oven
maintained at 70'C and the polymerization leading to grafting of the redox polymer was
allowed to proceed. After 24 hours, the flask was removed from the oven. The modified
CB particles were filtered, washed with excess methanol and dried in vacuum. The
polymer grafting was confirmed by TGA and by detecting the presence of iron attached
to the CB particles (section 3.3.10.4). The dry CB particles were stored in the dark in a
refrigerator for further characterization. The reactions taking place are shown in Figure
3-13(d) and (e).
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3.3.2.4 Preparation of CB coated electrode
Pieces of Toray carbon paper of area lcm2 were cut and weighed. CB grafted with the
redox polymer was mixed with PTFE in the weight ration 3:1 in dry state, and IPA was
added to form a viscous paste. The paste was painted on CP and allowed to dry.
Although, the procedure outlined by Tamaki and Yamaguchi involved hot-pressing of the
CP coated with CB, it was observed to result in the cracking of the CB layer and the CB
particles falling off. Hence, the electrodes were not hot-pressed and the IPA in the CB
paste painted on the CP was allowed to evaporate by keeping the electrode in an oven
maintained at 60'C for few minutes.
OH OLi OH
BuLi ~I H 2 0I
(a) COOH u C-Bu - k 4 4 u
C=O C /C
Bu OLi Bu OH
(b) 0 OH O*cNN OCONH-R'-NCO
N
HO N N
(c) NCO NHCO-R-N=N-R-COOH
A
(d) NHCO-R-N=N-R-COOH -C NHCO-R-
HBMA, VF
(e) JNHCO-Re 1 poly(HBMA-co-VF)W Free radical polymerizatio
in Dioxane
Figure 3-13 Reaction steps to outline the steps involved in the attachment of HBMA, VF
co-polymer on CB surface by (a) introduction of -OH groups on CB surface, (b)
attachment of diisocyanate to the CB surface, (c) introduction of azo group, (d)
generation of free radical by decomposition of azo-bis compound, (e) growth of polymer
chain on CB. The black filled circles denote carbon black particles
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3.3.3 Radical grafting of polymers from carbon paper (CP) surface
The grafting of redox polymer from CP surface was carried out in a manner analogous to
the grafting from the CB particles as described in 3.3.2. The procedure was analogous to
the one describe by Fujiki et al.[44]. However, instead of oxidizing the CP by treatment
with concentrated nitric acid, the CP was made to undergo reaction with n-BuLi. This
was done because the grafting of polymers obtained after n-BuLi treatment of CP was
found to be higher than the grafting obtained on CP treated with nitric acid. The reaction
steps are described in detail here. The chemical reactions taking place leading to the
grafting of the redox polymer on the carbon fibers forming the CP are the same as the
ones shown in Figure 3-13 for CB.
3.3.3.1 Introduction of-OH groups on CP
A 5cm x 5cm piece of CP was weighed, cut into four smaller pieces, and put in a round
bottom flask of 100mL volume. To the flask was added lOmL of 2.5M solution of n-
BuLi in hexane and 60mL of anhydrous THF in an inert atmosphere inside a glove box.
Since the water-absorbing ability of THF and the ability of n-BuLi to react violently with
atmospheric moisture are well known, suitable care was taken to ensure that the bottles
containing these chemicals were opened and stored inside the glove box, the humidity
level of which was maintained at a value less than 6ppm of water. After addition of the
chemicals, the flask was sealed using a rubber septum and the reaction was allowed to
proceed at room temperature with continuous stirring for 2 hours. At the end of two
hours, the flask was removed from the glove box in the sealed state, and placed in an ice
bath inside a reaction hood. Drop-wise addition of water to the flask was done under
continuous passage of dry nitrogen through the flask to react with the unreacted n-BuLi.
Once the bubbles stopped forming on further addition of water, excess water was added
to flask. The CP was removed from the flask and washed with water again. Next, the CP
pieces were dried in vacuum at 110 C overnight. The dry CP particles, referred to as CP-
OH from here on, were stored in a desiccator at room temperature for subsequent
modifications.
131
3.3.3.2 Introduction of azo groups on CP-OH
CP-OH pieces were weighed and put in a round bottom flask. 30mL of DMSO,
dehydrated using molecular sieves, was added to the flask and nitrogen gas was bubbled
through the flask for 30 minutes to fill it with nitrogen. Next, 0.5mL of a-picoline,
followed by 0.5mL of tolylene-2,4-diisocyanate were injected into the flask paying
careful attention to the order of injection, and the mixture was heated to 60'C with
stirring for 4 hours under continuous passage of nitrogen. During the 4 hours, additional
volume of DMSO was injected at certain intervals to make up for evaporative losses.
Thereafter, the reaction flask along with its contents was cooled to room temperature. A
solution of 2g ACVA in lOmL dehydrated DMSO was prepared. When the flask had
completely cooled down, the solution of ACVA in DMSO was injected into the flask
under nitrogen. The flow of nitrogen was, then, stopped, and the reaction was allowed to
continue overnight at room temperature with continuous stirring. When the reaction was
considered complete, the modified CP pieces particles were removed, and washed several
times with methanol to remove the unreacted chemicals. The CP pieces were, next, dried
in vacuum at room temperature. Small samples of the dried CP pieces were sent for
elemental analysis to confirm the attachment of the azo groups on the surface. The dry
CP pieces after confirmation of azo modification and referred to as CP-azo from here on,
were weighed and stored in a refrigerator for subsequent modification.
3.3.3.3 Graft polymerization of redox polymer on CP
A 1cm x cm piece of CP-azo was weighed and put in a round bottom flask. 1mL of
HBMA and 0.4g of VF were dissolved in 1 OmL of 1,4-dioxane and the solution was
added to the flask containing CP-azo. The contents of the flask were deaerated by
bubbling dry nitrogen through the solution for 30 minutes. Thereafter, the sealed flask
was kept in an oven maintained at 700C and the polymerization leading to grafting of the
redox polymer was allowed to proceed. After 24 hours, the flask was removed from the
oven. The modified CP piece were filtered, washed with excess methanol and dried in
vacuum. The polymer grafting was confirmed by TGA. The dry CP piece was stored in
the dark in a refrigerator for further characterization.
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3.3.4 Synthesis of copolymer of HBMA and VF
HBMA and VF were copolymerized by free radical polymerization using thermal free
radical initiator, ACVA. Polymer composition which was desired was used to calculate
the weight of HBMA, VF and ACVA needed to be added to the reaction mixture. 20mL
of 1,4-dioxane was added to a round bottom flask, to which was added the required
quantity of HBMA, VF, and ACVA. The mouth of the flask was sealed using a rubber
septum and the flask's content was deaerated by bubbling nitrogen through it for 30
minutes. It was observed that the co-monomers and the initiator completely dissolved in
1.4-dioxane. The sealed flask was kept in an oven set at 70'C to allow the decomposition
of the initiators and the polymerization of the monomers. After 24 hours, the flask was
removed from the oven and the solvent was evaporated in a rotary evaporator. When a
thick paste was observed to be left behind in the flask, the flask was removed from the
rotary evaporator and 1,4-dioxane was added again to dissolve unreacted monomers.
Dioxane was again evaporated in a rotary evaporator. Traces of the solvent remaining
inside the flask were removed by keeping the flask overnight in a vacuum oven heated to
80'C. After the drying was over, the viscous polymer left behind was scraped off the
flask and transferred to a plastic tube, where it was stored till further characterization.
3.3.5 Grafting of redox polymer on CP by ligand exchange reaction
Redox polymer was grafted on CP by using the idea discussed in the work of Tsubokawa
et al. [50, 51]. The reaction steps are described in this section.
A piece of unmodified Toray carbon paper was cut, weighed, and put in a round
bottom flask containing a magnetic stirrer. An equal weight of HBMA-VF co-polymer of
the required composition, synthesized as described in section 3.3.4, was weighed and
dissolved in 1OmL 1,4-dioxane. The solution of the polymer in dioxane was added to the
flask containing CP. It was ensured that the CP was submerged in the solution. The flask
was sealed and put inside a glove box. 0.1 g of anhydrous AlCl 3 and 0.005g of anhydrous
aluminum powder was added to the flask under nitrogen in a glove box. The flask was
sealed, taken out of the glove box and the grafting reaction was allowed to proceed at
80'C for 24 hours by putting the flask in an oil bath. After 24 hours, the reaction was
stopped by addition of methanol to quench AlCl 3. The CP was removed by filtration and
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was washed with excess methanol and dioxane in turns to remove the ungrafted polymer
from the CP surface. The adsorbed AIC13 was removed by washing the CP with IM HCl
solution. Finally, the CP was dried in vacuum to obtain the redox polymer grafted
electrode. The grafting of the polymer was confirmed by TGA. The ligand exchange
reaction taking place between CP and the redox polymer was shown in Figure 3-1.
3.3.6 Attachment of redox polymer on CP via iCVD
Redox polymer made of HBMA and VF was attached to CP by first carrying out
deposition of a co-polymer of PFM and EGDA using iCVD on the CP. This deposited
polymer layer was reacted with a solution of AMPN to indirectly attach the azo site to the
CP. These azo sites were used as sites of free radical initiation to grow chains of
copolymer of HBMA and VF from the surface of the using the 'grafting from' approach.
3.3.6.1 iCVD deposition ofpoly(PFM-co-EGDA)
CP and IR transparent silicon wafer were placed in an iCVD reactor and taped to allow
the deposition of co-polymer of PFM and EGDA on their surface. The silicon wafers
were used in addition to CP to allow the characterization of the deposited polymer film
by FT-IR spectroscopy. PFM and EGDA were added to clean monomer crucibles using
glass pipette, and TBPO was added to the initiator crucible similarly. PFM was heated to
55*C, and EGDA to 60'C. The temperature of these chemicals was maintained at the set
point with the help of a temperature controller connected to the heating coil. The CP and
silicon substrates were cooled to 30'C through backside coolant circulation from a
chiller. The flow of PFM and EGDA were not controlled while the initiator flow rate was
maintained at 1sccm. The pressure inside the reactor was maintained at 1O0mTorr. The
reactor was allowed to equilibrate for 20 minutes before starting the breakdown of the
initiator molecules to free radical species by heating Nichrome wires at the top of the
reactor to a temperature of 250*C.
The heating of the Nichrome wires started the iCVD deposition of the co-
polymer. The thickness of the deposition on the silicon wafer was monitored using
interferometry. Depositions were carried out till the film thickness was nearly 200pm. At
this stage, the iCVD deposition was stopped, the reactor was vented and the substrates
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removed. The coating of carbon fibers which make up CP by iCVD deposition is
schematically shown in Figure 3-14.
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Figure 3-14 Schematic diagram showing the coating
PFM and EGDA using iCVD
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Precise measurement of the thickness of the polymer film was carried out by
ellipsometry. The silicon wafer was analyzed using FT-IR spectroscopy to detect the
characteristic absorbance peaks of PFM and EGDA. The silicon wafer with the
deposition was washed in methanol and in 1,4-dioxane and the FT-IR spectrum was
measured before and after the washing and the subsequent drying to confirm that the film
was stable in these solvents and did not get washed away. The stability of the films in
these solvents was critical for the subsequent redox polymer grafting reactions. The
silicon wafer with the deposition was also heated to 80'C and the stability of the polymer
on the wafer to high temperatures was confirmed similarly. The silicon wafer was
analyzed using XPS to detect the elements present on the wafer surface. The weight of
the polymer deposition on CP was determined by TGA.
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3.3.6.2 Azo modification ofpoly(PFM-co-EGDA) coated substrates
0.015g/mL solution of AMNP in methanol was prepared. The silicon wafer and the CP
with the poly(PFM-co-EGDA) coating were immersed in separate flasks, each containing
20mL AMNP solution. As control, an unmodified silicon wafer was immersed separately
in the AMNP solution under identical conditions. The flasks were sealed and the reaction,
as outlined in Figure 3-15 was allowed to continue overnight. Next morning, the
substrates were removed from the reaction flasks and washed in excess methanol to
remove any unreacted AMNP from the substrates' surface. The substrates were,
thereafter, dried in vacuum at room temperature and stored in a dark container in a
refrigerator for further characterization and modification.
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iCVD deposition of Azo modified polymer layer
p(PFM-co-EGDA) on carbon fibers
on carbon fibers
Figure 3-15 Reaction between AMNP and poly(PFM-co-EGDA) to produce an azo
modified polymer coating on carbon fiber surface
The silicon wafer with the poly(PFM-co-EGDA) layer and the control sample of
unmodified silicon wafer immersed in AMNP solution were analyzed using XPS and FT-
IR spectroscopy after azo treatment with AMNP solution. The TGA of the CP after azo
modification was also carried out.
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3.3.6.3 Grafting of redox polymer from azo modified substrate
HBMA and VF were dissolved in 1,4-dioxane to prepare a solution having the monomers
in the same ratio as was desired in the polymer. The solution was added to reaction flasks
and to these flasks were added the azo treated silicon wafers and CP such that they were
submerged in the monomer solution. As a control, azo treated unmodified silicon wafers
and completely unmodified silicon wafers were added to separate reaction flasks
containing the monomer solution. These reaction flasks were transferred inside a glove
box to fill them up with nitrogen, and sealed while inside the glove box. Once sealed, the
flasks were taken out from the glove box and kept in an oven pre-heated to 70'C to cause
the decomposition of the azo moieties to give free radical sites on the surface of the
substrates on to which the monomers could add on sequentially. The polymerization
reaction expected to be taking place is shown in Figure 3-16. The polymerization was
allowed to proceed for 24 hours after which the flasks were taken out from the oven. The
substrates were removed and washed with excess dioxane to dissolve any unreacted
monomers. They were, then, dried under vacuum at 80'C to remove any traces of solvent,
and stored for further characterization.
HBMA, VF
-_ _in dioxane
T=80*C T=80*C
CH3 CH3
H2C- HH 2  H
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N 0 N 0
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Azo modified polymer layer Redox polymer grafted from
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Figure 3-16 Reaction scheme outlining the formation of free radicals on the surface of
azo-modified poly(PFM-co-EGDA layer followed by redox polymer grafting
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The silicon wafers obtained after polymer grafting were analyzed using XPS and
FT-IR spectroscopy. TGA of CP with grafted redox polymer was carried out and
electrodes from the CP were electrochemically characterized using CV.
3.3.7 Impregnation of CP by redox polymer gel
The composition of the desired redox polymer gel was used to calculate the amount
HBMA, VF, EGDMA (cross-linker) and AIBN (initiator) needed to be mixed. The
calculated amount of HBMA was added to a test tube followed by addition of VF,
EGDMA and AIBN. The mixture was ultra-sonicated for 15 minutes to dissolve all the
species in HBMA to form a solution. Next, pieces of CP of area 1 square inch each were
cut using a pair of scissors. Two pieces of Teflon films of area 2 square inches per piece
of CP were also cut. One piece of the Teflon film was placed in a flat-bottom glass
beaker and the CP was placed on top of it at the center. 200pL of the reaction mixture
was added drop-wise to the CP to allow the solution to spread throughout the carbon fiber
matrix forming the CP thus impregnating it. After addition of the reaction mixture, the
second Teflon sheet was placed over the CP gently and air bubbles trapped between the
CP and the film were removed by gentle pressing. The Teflon sheet- impregnated CP
assembly was then pressed using a metal weight. The glass beaker with the CP was, next,
transferred inside a glove box and sealed using a rubber stopper. The beaker was further
sealed using a nitrile glove to prevent the entry of air in case the stopper came off. The
sealed beaker was, thereafter, removed from the glove box and placed in an oven pre-
heated to 70'C and the free radical polymerization initiated by thermal decomposition of
AIBN allowed to proceed resulting in the synthesis of a redox polymer gel around the
carbon fibers in the carbon paper. Complete gelation was considered to have taken place
in 24 hours after which the beaker was removed and the stopper removed. The CP, now
impregnated with the redox polymer gel, was gently detached from the Teflon sheet it
was in contact with and stored in a petri-dish further characterization. The impregnation
procedure is schematically shown in Figure 3-17.
138
Air-tight seal
Drop-wise addition Metal weight
of reaction mixture
Carbon paper Irnpregnated
Teflon sheet carbon paper
Figure 3-17 Illustration of the process of impregnation of CP by HBMA-VF solution to
prepare an impregnated CP RPE
3.3.8 Measurement of extraction of butanol by CB grafted with redox polymer
The mass of redox polymer grafted per unit mass of CB was determined by measuring
the weight loss on carrying out TGA of 1mg of the CB. In two separate test-tubes, 10mL
of 8% (v/v) butanol solution in water were prepared. 0.2g FeCl3 was added to one of the
test-tubes to prepare the supernatant which was used to measure extraction in the
oxidized state. 0.1 g of CB with grafted redox polymer was weighed and put in a clean
test-tube. lmL of the butanol-water solution prepared was added to the test-tube and
stirred to disperse the CB uniformly in the solution. Similarly, to another test-tube
containing 0. lg CB was added ImL of the butanol solution containing FeCl 3. The test-
tubes were allowed to equilibrate for 24 hours after which the CB particles were
separated by centrifugation, and the supematant was collected. The butanol content in the
supernatant was measured using GC.
3.3.9 Measurement of extraction aad release of butanol by electrode made by
impregnating CP with redox polymer
3.3.9.1 Description of electrochemical cell set-up
The extraction and release of butanol by electrodes obtained by impregnating CP with
redox polymer gel were carried out in specially designed cubic electrochemical cells.
Two different types of cells were used interchangeably-one made of glass (purchased
from Starna Cells, Inc., product number 3/G/40) and the other custom-made from
Teflon@ in the MIT Machine Shop facilities. Apart from the material from which they
were made, the cells differed in the dimension. The schematic of a typical
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electrochemical cell is presented in Figure 3-18. The dimensions of the cells used in this
project are presented in Table 3-1.
Width of slot,
Area of cross-section,
A'
Figure 3-18 Schematic of a typical electrochemical cell used for separation experiment
Table 3-1 Dimensions of electrochemical cells used for separation experiments
Material of which the Width of slot, Area of cross-section,
Cell name cell is made w (cm) A (cm2)
Cell 1 Teflon 0.3 6.45
Cell 2 Teflon 0.5 6.45
Cell 3 Glass 1 17.60
The working electrodes were prepared so as to have area equal to the area of the largest
face of the cell, A. The volume of electrolyte required to be used in an experiment was
added to the cell and was made to contact the entire surface of the working electrode (by
filling the cell with pieces of Teflon@ to raise the level of the electrolyte in the cell if
needed). Platinum wire was used as the counter electrode and SCE was used as the
reference. The platinum wire and the SCE were inserted into glass bridge tubes bought
from AMETEK Princeton Applied Research (product number K0065). The bridge tubes
were filled with electrolytic solution of the same composition as in the cell. These bridge
tubes came fitted with Vycor@ frits at one end to allow electrical conductivity but at the
same time prevent diffusion of larger molecules from inside the bridge tube to the
electrochemical cell and vice-versa. The ability of the Vycor@ frit to prevent the
diffusion of butanol from the cell into the electrolyte in the bridge tube, were a
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concentration gradient to exist across it, was ascertained experimentally over the time
scale of interest in the experiments in this project. The schematic of the electrochemical
cell with the attached electrodes is shown in Figure 3-19(a). The photograph of an actual
cell is presented in Figure 3-19(b). Although Figure 3-19 shows the use of one working
electrode, in most experiments to enhance separation, two working electrodes with near-
identical gel loadings were used. Before the start of the experiment to measure the
extraction and the release of butanol by the gel, the electrochemical activity of the
electrodes was confirmed by carrying out five cycles of CV scans at 20mV/s in the
potential range of 0.OV to 0.7Vusing water containing 0. 1M NaNO 3 as the electrolyte.
ReferenceCone
0 electrode electrode
zLU
0
Reference electrode' 
.
Counter electrode Bridge tube
Butanol solution in
water containing electrolyte
Polymer gel coated
w o r k i n g e l e c t r o d e V y c o r @ f ri t
Vycor @ frit cl
Working
1 jjctode ycoffl
(a) (b)
Figure 3-19 (a) Schematic, and (b) photograph of an electrochemical cell used in
separation experiments. The working, counter and reference electrodes are inserted in the
cell containing the electrolyte
3.3.9.2 Measurement of butanol extraction by redox polymer electrode when the gel is
in reduced state
The extraction experiments were used to measure the change in the concentration of
butanol in the electrolyte due to selective butanol uptake by the polymer gel on the
electrode. Since the distribution coefficient of butanol between the gel phase and the
aqueous phase was experimentally found to increase with the mass fraction of butanol in
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the aqueous phase (Figure 2-8 in chapter 2), the extraction of butanol was carried out
from an electrolyte containing high concentration of butanol so that the change induced
in the concentration of butanol in the electrolyte would be maximum and easier to
measure accurately. The electrolyte used for the extraction study was 0.1M NaNO 3
solution in water containing butanol such that the initial mass fraction of butanol in the
solution was equal to 0.06 (close to butanol's solubility limit in water). The electrodes,
working, reference and counter, were inserted into the electrochemical cell filled with the
electrolyte to create an electrochemical cell assembly similar to that depicted in Figure
3-19. A potential of 0.OV with respect to SCE was applied to the working electrode to
ensure that all the ferrocene moieties were in the reduced state. After allowing the system
to equilibrate for a few hours, 0.5mL of the electrolyte was removed from the cell using a
syringe and was analyzed using GC to determine the butanol content.
3.3.9.3 Measurement of butanol release from redox polymer electrode when the gel is in
oxidized state
The release of butanol extracted by the gel when the gel was oxidized was measured
using a couple of different approaches. An electrode impregnated with the gel was
allowed to swell to equilibrium in an electrolytic solution containing butanol with an
initial mass fraction of 0.06, as was described in section 3.3.9.2. After the gel had swollen
to equilibrium, a potential step of 0.8V was applied to the working electrode (versus
SCE) and the value of the potential was maintained at this value. The system was allowed
to equilibrate again, and after equilibrium was attained the concentration of butanol in the
electrolyte was measured by withdrawing a 0.5mL sample and analyzing it using GC.
The chromatograph thus obtained was compared with the chromatograph obtained for a
sample of the original electrolyte solution to estimate the decrease in butanol
concentration due to extraction by the gel.
Electrodes impregnated with redox polymer gel were swollen to equilibrium in
the reduced state in the second approach as well in a manner identical to what was
described above. However, after equilibrium swelling was attained, the working
electrodes were carefully withdrawn from the cell, and inserted into another
electrochemical cell filled with 0.1M NaNO 3 solution as the electrolyte. It should be
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noted that the electrolyte in this second cell did not have butanol present in it initially.
SCE reference electrode and platinum counter electrode were inserted into the cell as
well and connected to the suitable terminals of the potentiostat. Next, a potential step of
0.8V with respect to SCE was applied to the working electrode and the potential was held
at this value. After equilibrium was reached, 0.5mL of the electrolyte was withdrawn
from the cell and the butanol concentration in the cell was measured using GC.
3.3.10 Characterization techniques
3.3.10.1 Elemental analysis
Samples weighing 10-20mg of substances of which elemental composition was to be
determined were prepared in glass vials. The samples were sent to Columbia Analytical
Services in Tucson, AZ with a specification outlining the elements that were to be
analyzed for. Redox polymer grafted substrates were analyzed for C, H, N, 0, Fe; while
all other samples were analyzed for C, H, N, 0.
3.3.10.2 Ultraviolet-visible (UV-vis) spectroscopy
The absorbance spectrum of liquid solutions when irradiated with light in the UV and
visible range was obtained using Hewlett Packard 8452 spectrophotometer. A reduced
volume quartz cell of 1cm path length, purchased from Starna Cells, Inc., was used as the
solution holder.
3.3.10.3 1,2-diphenyl-2-picrylhydrazyl (DPPH) test
DPPH test was carried out to detect the presence of free-radical producing species in the
substrates by following the procedure outlined by Tamaki and Yamaguchi [42]. 1mg of
DPPH was dissolved in 30mL toluene and the UV-visible absorption spectrum of the
solution was recorded. 5mL of the DPPH solution was taken in a test tube and to it was
added a few milligrams of CB. The test-tube was sealed and deaerated by bubbling
nitrogen through it for 20 minutes. After the deaeration, the tube along with its contents
was allowed heated up to 70*C and maintained at that temperature overnight. Next day,
the UV-visible absorption spectrum was again measured and recorded.
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3.3.10.4 Iron digestion
The detection of iron in the polymer attached to CB was carried out by destructive
oxidation of the ferrocene groups in the polymer [42]. 10mg of the CB to be analyzed
was heated with 5mL of concentrated nitric acid and few drops of hydrogen peroxide in a
flask attached to a condenser. The temperature was slowly raised from room temperature
to 80'C in steps of 10 C, and then cooled down to 60*C where it was maintained for 20
minutes. The CB was removed by filtration, and 5mL of the filtrate was made to undergo
a reaction with a solution of 2mL of 1 M nitric acid, few drops of hydrogen peroxide and
20mL of 5wt% potassium thiocyanate. The final solution was analyzed using UV-vis
spectroscopy.
3.3.10.5 Thermo-gravimetric analysis (TGA)
The weight loss of samples as a function of temperature was measured using thermo-
gravimetric analysis. TGA Q 5000 instrument (Thermo Nicolet, Inc.) was used for this
purpose. The samples were heated using a linear temperature ramp of 20*C/minute from
room temperature up till 900*C in nitrogen atmosphere.
3.3.10.6 Gelpermeation chromatography (GPC)
Molecular weight of polymers was determined using GPC. Waters Alliance model 2690
with a Waters 410 Differential Refractive Index detector and Viscotek Corporation model
T-60A dual detector module was used for this purpose. The polymers were dissolved in
THF before being injected into the column.
3.3.10.7 Scanning electron microscopy (SEM)
SEM was performed using a Jeol ISM-6060 Scanning Electron Microscope. Samples
were mounted on double-sided tape on aluminum stubs and sputter-coated with gold, and
micrographs were taken at appropriate magnification.
3.3.10.8 Ellipsometry
Thickness measurements were made by using variable angle spectroscopic ellipsometer
of brand JA Woollam M-2000.
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3.3.10.9 Four-point probe conductivity measurement
Conductivity of substrates was determined using the four-point probe method. The probes
in the Signatone S-302-4 instrument were used for potential application and current
measurement. The data was analyzed using the Keithley SCS-4200 instrument. Both the
instruments were located at the shared experimental facility at the Institute of Soldier
Nanotechnologies (ISN) at MIT.
3.3.10.10 X-ray photoelectron spectroscopy (XPS)
Detection of elements on the surface of substrates was carried out using XPS survey
scans which were performed at the Shared Experimental Facilities at the Cornell Center
for Materials Research using a Surface Science Instruments SSX-100 with operating
pressure less than 2x10~9 Torr. Monochromatic Al-K-a x-rays (1486.6 eV) with a 1000
micron beam diameter were used. An electron flood gun was used for charge
neutralization. Photoelectrons were collected at a 55 degree emission angle. A
hemispherical analyzer collected photoemission electrons, with a pass energy of 150V for
the survey scans. The energies analyzed correspond to the Is level in carbon, nitrogen,
oxygen, and fluorine, the 2s level in silicon (153 eV) and the 2p level in iron. Atomic
concentrations were determined using the Scofield relative sensitivity factors in CASA
software.
3.3.10.11 Contact angle measurement
Contact angle measurements were performed using VCA2000 goniometer (AST, Inc.).
Advancing and receding contact angles were measured by using droplets of volume close
to 5pL placed on the substrate.
3.3.10.12 Cyclic voltammetry (CV)
CV was used for electrochemical analysis of the redox polymer electrodes. Gamry
Instruments' Series G 300 potentiostat was used for carrying out voltammetry. Saturated
calomel electrode (SCE) was used as the reference unless noted otherwise. The counter
electrode was made using platinum foil. The size of the counter electrode was chosen so
as to ensure that the area of the counter electrode was larger than the area of the working
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electrode. Typical voltammetric scans were carried out between 0.0V and 0.7V (with
reference to SCE) at different scanrates, ranging from 5mV/s to 1 OOmV/s.
3.3.10.13 Fourier Transform Infrared (FT-IR) Spectroscopy
FT-IR spectroscopy was performed on a NEXUS 870 FTIR spectrometer (Thermo
Nicolet Inc.). Spectra were recorded over the wavenumber range between 4000 cm' and
400 cm' at a resolution of 4 cm' and are reported as the average of 64 spectral scan. For
polymers deposited via iCVD, the FT-IR absorbance measurements were carried out by
depositing the polymer layer on special grade IR transparent silicon wafers purchased
from Wafer World, Inc. and then using these wafers coated with the polymer to
investigate the functionalities in the polymer layer.
3.3.10.14 Gas chromatography (GC)
Determination of butanol concentration in butanol-water solution was carried out using
GC. The procedure was same as what has been described in detail in section 2.3.6.1 in
chapter 2.
3.4 Results and discussion
3.4.1 Radical grafting of polymers from CB surface
3.4.1.1 Physical properties of CB
CB is made up of aggregates composed of several primary particles. The aggregate
structure of CB determines some its physical properties. The CB used in this study was
Vulcan XC-72R produced by Cabot Corporation. The BET surface area of the CB, as per
the product specification sheet obtained from the producer, was 230m 2/g. BET surface
area measurement done as part of this work using nitrogen gas resulted in an area of
160m 2/g. The reason for this difference is not clear. The product specification specified a
statistical thickness surface area (STSA) of 150m 2/g. It should be noted that STSA has
replaced the conventional cetyltriammonium bromide (CTAB) surface area
measurements. The lower value of STSA than the BET surface area indicates that some
surfaces of the CB aggregates on which nitrogen can adsorb during BET surface area
measurement are not accessible to larger molecules. Hence, STSA gives an idea about the
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aggregates' microporosity. Since the difference in the experimentally determined BET
surface area and STSA is not very large, either can be used to estimate the average
particle radius, Rs, according to the relation in equation (3.21) [104]
R, = 3000v, /S (3.21)
where vs is the specific volume of carbon black particle in cm 3/g (=0.543cm3/g) and S is
the surface area in m2/g. Substituting the value of vs and S (=150m 2/g), we get Rs 1 Inm.
No correlation between the surface area (BET or STSA) and the conductivity of
the CB particles were found in literature. However, an idea about relative conductivities
of two different grades of CB is obtained by measuring and comparing their dibutyl
phthalate (DBP) absorption number. The DBP number is a measure of intra-aggregate
volume and more conductive grades of CB higher DBP number. DBP test involves a
measurement of viscosity of CB to which increasing amounts of DBP are added. The
amount of DBP added after which there is a sudden rise in the viscosity is referred to as
the DBP absorption number. Cabot characterizes its CB based on oil adsorption number
which uses the same principle as DBP absorption number. The oil absorption number for
the Vulcan XC-72R obtained from the product specification sheet was found to be
190mL/100g of CB. Of the different grades of CB that Cabot produces, Vulcan XC-72R
is the most conductive and has one of the highest conductivity.
The elemental composition of unmodified CB was determined by sending the
samples to Columbia Analytical Services. The result is presented in Table 3-2
3.4.1.2 Verification of successful azo attachment by DPPH test and elemental analysis
The elemental analysis of the CB was carried out before and after azo modification to
estimate the percentage by weight of carbon (C), hydrogen (H), nitrogen (N), and oxygen
(0). The results of the analysis are presented in Table 3-2. The enhancement in the N
content by a factor greater than two confirmed the attachment of nitrogen containing
group to the functional groups on the carbon surface. However, both the isocyanate
groups and the azo groups used in the multi-step azo modification reaction contain
nitrogen. The presence of azo groups was confirmed by the DPPH analysis. The UV-vis
absorption spectrum of DPPH solution in toluene which was made to react at 70'C with
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unmodified CB showed a peak at 520nm. However, the DPPH solution when reacted
with the CB after azo treatment under similar conditions did not show any such peak
confirming that the free radicals produced by decomposition of the azo groups on heating
the azo-modified CB reacted completely with the DPPH in solution. The absorption
spectra are presented in Figure 3-20. These results are in agreement with the results
obtained by Tamaki and Yamaguchi [42] for similarly modified CB.
Table 3-2 Elemental composition of CB
Weight (%)
Sample Carbon Hydrogen Nitrogen Oxygen
Unmodified CB 94.36 1.37 0.77 2.99
CB after nBu-Li treatment 94.03 1.34 0.81 3.04
CB after azo modification 92.99 1.74 1.93 3.18
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Figure 3-20 UV-vis spectra of DPPH solution in toluene after reaction with unmodified
CB and azo-modified CB as per the conditions of the DPPH test
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3.4.1.3 Verification of successful redox polymer attachment by TGA
The TGA of the CB was carried out before and after polymer grafting to estimate the
weight of polymer grated from the CB surface. In addition, TGA of the co-polymer of
HBMA and VF having the same composition as the polymer attached onto the CB was
carried out. The temperature at which the weight loss occurred was used to verify if the
weight loss of the CB was due to the attachment of the polymer. The results are shown in
Figure 3-21. The CB with polymer grafting showed a weight loss of 40 weight% between
200*C and 500*C. Over the same temperature range, the co-polymer of HBMA and VF
showed more than 80% weight loss, while CB without polymer grafting showed
negligible change in weight. These observations confirmed that the weight loss in the
case of modified CB was due to the attachment of chains of poly(HBMA-co-VF) to its
surface. The polymer attachment in different repeats of the experiment was found to vary
between 30wt% and 45wt% depending. Samples from each experimental batch were
analyzed using TGA and the results were recorded. These results were used when the CB
particles were used for extracting butanol from water.
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Figure 3-21 Weight loss of samples of unmodified CB, poly(HBMA-co-VF), and CB
after grafting of poly(HBMA-co-VF) obtained using TGA
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3.4.1.4 Verification of grafting offerrocene by iron digestion and elemental analysis
The presence of iron attached to the CB particles was confirmed by carrying out
destructive oxidation of iron in the ferrocene moieties. The destructive oxidation resulted
in the release of iron and this was detected by using KSCN as the colorimetric agent as
described in 3.3.10.4. In parallel, unmodified CB was subjected to the iron digestion test.
The UV-vis spectra of the solutions obtained after reaction with the thiocyanate is shown
in Figure 3-22. The azo-modified CB particles after reaction with HBMA-VF solution
displayed a broad shoulder in the 400nm-500nm range which was absent in the case of
unmodified CB. Tamaki and Yamaguchi [42] have also reported similar results for the
case of ferrocene groups grafted to the CB surface. However, in addition to the shoulder,
they could detect a broad peak at 480nm, which was not obtained during repeated
experiments in this project. The results presented here do not agree completely with the
results of Tamaki and Yamaguchi, but the absorbance in the 400nm-500nm range which
was completely absent for unmodified CB confirms the presence of immobilized
ferrocene groups which release iron when oxidized with nitric acid, and the iron reacts
with the colorless thiocyanate groups to produce a deep red colored solution which
absorbs intensely over the 100nm range from 400nm to 500nm.
To quantify the amount of iron attached to the CB, 50mg of the modified CB and
same amount of unmodified CB were sent for elemental analysis. Unmodified CB was
found to have insignificant or trace amount of iron. However, iron was easily detected in
the elemental analysis of the CB after redox polymer grafting. The weight percent of iron
in the modified CB was found to be 1.91wt% by elemental analysis. The TGA of the
corresponding batch of CB indicated 31wt% redox polymer attachment, and the
monomer solution used for grafting had 6.7wt% iron. If it is assumed that the redox
polymer had the same composition as the monomer solution (an assumption that will be
justified by experimental results in section 3.4.1.5), the expected weight percent of iron
on carrying out elemental analysis would be 2.05wt%. Thus, the elemental analysis result
and the expected value of iron content were found to be within ±5% of each other. The
match between the experimental results and the expected value acted as a further check of
the correctness of the experimental results and confirmed the grafting of iron on the CB
surface.
150
0.7 1
0.6
S0. 5
0 0.4
C 0.3
0 0.2 - iRedox polymerUnmodified CB grafted CB
0.1 -
0
300 350 400 450 500 550 600 650 700
Wavelength (nm)
Figure 3-22 UV-vis spectra of thiocyanate solutions mixed with digested solution of
redox polymer grafted CB and unmodified CB
3.4.1.5 Comparison of composition of reaction mixture and co-polymer by elemental
analysis
Polymerization of VF has been shown in literature to be slow and challenging [105, 106].
Moreover, its copolymerization with other monomers, like acrylamide and methyl
methacrylate, has been difficult to achieve because ferricenium ions act as free radical
scavengers which causes the molar ratio of VF units in the co-polymer to be much less
than the molar ratio in the bulk monomer solution [105, 107]. To determine if a similar
difference in the composition of the reaction mixture and the polymer was true for the co-
polymerization of HBMA and VF, polymers of different compositions of ferrocene were
synthesized, and samples of the same were analyzed to determine the elemental
composition. The results of the elemental composition of two different reaction mixtures
(calculated, and not experimentally determined, based on the weights of the reactants
added) and the composition of the polymer synthesized (determined by experimental
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elemental analysis) in each case is shown in Figure 3-23. It is clear that the atomic
percentage of iron in the reaction mixture is only slightly larger than in the polymer,
indicating that the co-polymer of HBMA and VF synthesized using the procedure
outlined in 3.3.4 has the same molar composition as the monomer solution used for its
synthesis.
100% -
IACVA
EVF
80% - EHBMA
60% -
40% -
20% -
0%
Reaction Mixture for Polymer A Reaction Mixture for Polymer D
synthesis of A (Elemental Analysis) synthesis of D (Elemental Analysis)
Figure 3-23 Molar composition of two different monomeric reaction mixture and the
resulting polymers obtained by elemental analysis of the samples. The three constituents
of each sample are the two monomers, HBMA and VF, and the polymerization initiator,
ACVA
The equivalence of the molar composition of the monomer solution and the molar
composition of the resulting polymer as determined from these experiments was used as
the justification in the remainder of this project for the assumption that a co-polymer of
HBMA and VF synthesized following the procedure outlined in section 3.3.4 or a
copolymer of HBMA and VF grafted on a substrate following a procedure analogous to
the one described in section 3.3.4, has the monomers in the same ratio as in the reaction
mixture used for the synthesis.
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3.4.1.6 Effect offerrocene content on the molecular weight of redox polymer
As was mentioned in section 3.4.1.5, the homopolymerization and the copolymerization
of VF have been shown to be difficult. Although it was found that the composition of the
HBMA and VF co-polymer synthesized in this work was not much different from the
composition of the monomer solution used in the synthesis, the effect of the radical
scavenging action of the ferrocene moieties was evident when the molecular weight of
co-polymers of HBMA and VF containing different amounts of VF was determined using
GPC using PMMA as the standard. The results of the molecular weight are tabulated in
Table 3-3. The molecular weight decreases monotonically with increasing ferrocene
content confirming the conclusions drawn by other researchers in literature [107]
regarding the difficulty in obtaining high molecular weight ferrocene containing
polymers.
Table 3-3 Molecular weight and poly dispersity index (PDI) of copolymers of HBMA
and VF of different composition containing 5mol% AIBN
Number average
Mol % HBMA in Mol % VF in molecular weight, Poly Dispersity
reaction mixture reaction mixture Mn Index, PDI
73 22 7278 1.52
83 12 9239 1.78
88 7 11994 2.01
92 3 15925 2.30
93 2 20572 2.32
95 0 55946 4.39
3.4.1.7 Electrochemical characterization
(i) Location and characteristics of peaks in CV
Redox polymer electrodes were prepared by painting a CP with a mixture of CB to the
surface of which redox polymer had been grafted, as described in section 3.3.2.4, and
PTFE in isopropanol. The electrochemical characterization of these electrodes was
carried out using CV. A typical voltammogram obtained on carrying out the CV of the
electrode in a 6% (v/v) solution of butanol in water containing 0. 1M NaNO3 using SCE
as the reference electrode is shown in Figure 3-24(a). As control, an electrode was
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prepared by painting a layer of unmodified CB mixed with PTFE on CP. The current
response of this electrode during CV under identical conditions is also shown in Figure
3-24(a).
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Figure 3-24 Voltammograms obtained by CV of electrodes made from CB grafted with
redox polymer (a) in this project, and (b) by Tamaki and Yamaguchi [42]
The voltammogram of the CB with redox polymer grafting shows two broad,
distinct peaks at 0.60V and 0.16V, with a mean potential of 0.38V. The values of redox
potential of ferrocene containing polymers and surfactants reported in literature vary over
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a large range from 0.20V to 0.50V versus SCE [84, 108-111]. Since the redox potential
depends upon a number of factors including the resistance offered by the polymer film,
rate of electron transfer inside the film, the monomer VF is co-polymerized with, etc., a
unique value of redox potential characteristic of all ferrocene containing polymers does
not exist. The redox potential of the electrodes prepared by modifying CB in this project
have a mean potential which falls in the range of ferrocene containing polymers
indicating that the electrochemical activity can be attributed to the reversible redox
reactions of the ferrocene groups attached to the polymer chains. Moreover, the presence
of a single peak during oxidation and reduction indicates a one-electron reversible redox
reaction which is, again, characteristic of the redox activity of ferrocene. The peaks
obtained were broad and separated by 0.44V instead of the sharp peaks with a separation
of 0.059V characteristic of diffusion controlled reversible systems. The broadness of the
peak and the large peak separation are, however, commonly found in redox polymers.
The electronic transport in the redox polymeric systems are much more complex than
simple diffusion of redox species in bulk electrolytes for which the expressions in the
traditional CV theory (explained in section 3.2.5) have been derived. In a redox polymer,
each redox site finds itself in a different local environment than the other sites, and
therefore oxidizes or reduces at a slightly different potential. This results in the
broadening of the peak. The precise cause of the peak separation is not very well
understood, but has been attributed to a combination of slow electron transfer effects and
film or solution resistance effects [88].
The peaks obtained on carrying out CV of the modified CB particles are absent in
the voltammogram of the unmodified CB, confirming the redox activity of the redox
polymer attached to the CB. Since the CB was modified according to the procedure
described by Tamaki and Yamaguchi [42], it was expected that the shape and
characteristics of the voltammograms obtained in this project would match those reported
by them. This expectation was confirmed by comparing the voltammograms obtained in
the two cases (Figure 3-24(b)). It is important to note that the potentials at which peaks
are obtained in the voltammograms obtained in this study are different from the peak
potential reported by Tamaki and Yamaguchi [42]. This is because SCE was used as the
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reference electrode in the experiments in this project while silver (Ag)/silver chloride
(AgCl) electrode was used as the reference by Tamaki and Yamaguchi [42].
All the voltammograms showed a significantly large charging current during both
the oxidation and reduction halves of the cycle. This can be attributed to the large surface
area of the electrodes which in turn is a result of the high surface area to volume ratio of
the CB particles used in this study.
If the current response of polymer modified electrodes decreases over successive
cycles, it indicates either some redox centers losing their electrochemical activity over
time or the polymer getting washed away from the electrode into the electrolyte.
However, the current response of the electrodes prepared in this study was not observed
to change on carrying out multiple back-to-back cycles of CV showing the
electrochemical stability of the electrodes (results not shown). The overlap of the
voltammograms obtained during successive CV scans also showed that all the ferrocene
centers were covalently attached to the polymer chains, which in turn were attached to
the CB particles by strong bonds which prevented the dissolution of the redox sites in the
electrolyte.
(ii) Effect of solvent on CV
The redox reaction taking place at an electrode during CV depends strongly on the
solvent-electrolyte system used. If the working electrode has the redox active moiety
attached to it, as was the case in the electrodes prepared from redox polymer grafted CB,
then the requirement of electroneutrality makes the rate at which the counterion can
diffuse towards and away from the electrode and reach the sites redox active sites during
oxidation and reduction an important determinant of the rates of these processes. The
mobility of the counterion in the polymer film and the rate at which the charge moves
from the working electrode to the counter electrode depends on the polarity of the solvent
used in the electrochemical cell. More polar the solvent, faster is the transport of the ions,
and larger is the current response. This was also observed when the CV of the electrode
made from redox polymer grafted CB was carried out in different solvents (Figure 3-25).
The voltammogram showed a much smaller current value when organic solvents like
pure butanol and pure methylene chloride were used as the solvents in contrast to the
156
experiment when water was used as the solvent. Interestingly, the addition of butanol to a
solution of NaNO 3 in water led to higher current response than the case when water alone
was used. This can be explained in terms of the affinity of the HBMA-VF polymer
grafted on the surface of CB for butanol. It is expected that the presence of butanol
causes a swelling of the polymer layer around the CB particles leading to easier transport
of the counter ions, which in turn increases the rate of the redox reaction. When pure
butanol is used, however, the polarity of the solvent is so low that the increase in the
current due to the swelling of the polymer in butanol does not counterbalance the effect
of the slow charge transport from the working electrode to the counter electrode resulting
in very low current response.
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Figure 3-25 Voltammograms obtained by CV of redox polymer electrodes made from
CB in different solvents
(iii) Effect of scanrate on peak current
The dependence of the peak current on the scanrate can be used to investigate the rate
controlling mechanism in the electron transport from the working electrode to the counter
electrode. As was discussed in section 3.2.5, linear dependence of the peak current on
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scanrate indicates surface adsorption and desorption of the redox moieties on the
electrode surface while a diffusion controlled process shows a linear dependence of the
peak current on the square root of the scanrate. The peak current obtained for electrodes
made from modified CB is plotted as a function of the square root of the scanrate in
Figure 3-26. The good linear fit suggests that diffusion of electron through the polymer
film controls the electronic motion. Closer examination of the result indicates that if the
logarithm of the current is plotted as a function of the logarithm of the scanrate, the slope
0.69of the best-fit line is equal to 0.69. Thus, the peak current is proportional to (scanrate)
The dependency of peak current on (scanrate)0-69 made us reach the conclusion that both
diffusive effects (characterized by dependence of peak current on (scanrate)*5 0) and
surface adsorption effects are important in the case of CB modified electrodes, although
the contribution of the effect of diffusion is larger because the value of the exponent to
which scanrate is raised, 0.69, is closer to 0.5 than to 1.
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Figure 3-26 Dependence of peak current obtained in CV on the square
for electrodes made by grafting redox polymer on CB
root of scanrate
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R 2=0.99
(iv) Effect of binder on electrochemical activity of the electrode
The effect of the amount of binder, PTFE, used for preparing the redox polymer grafted
CB electrode was examined by mixing the modified CB with PTFE in different weight
ratios. No observable effect on the voltammogram could be seen in any of these cases.
3.4.1.8 Extraction of butanol using CB grafted with redox polymer
The ability of the redox polymer grafted CB to preferentially absorb butanol from a
butanol water solution was tested according to the procedure described in section 3.3.8.
The results of the extraction experiment are presented in Figure 3-27. The mass fraction
of butanol was found to decrease from an initial value of 0.066 by more than 25% when
lmL of the solution was brought in contact with the CB with a total of 0.04g of redox
polymer attached. This value was much larger than the change in mass fraction obtained
in the case of unmodified CB. If, however, FeCl 3 was added to the butanol-water
solution, the percent decrease in the butanol mass fraction went down. This observation is
in agreement with the behavior of redox polymer gels of the same composition which
showed a decreased preference for butanol when the ferrocene sites were oxidized using
FeCl3. The results confirm that a redox polymer made of HBMA and VF attached to CB
as the conducting substrate can be used for selective extraction of butanol from its
aqueous solution, and the decrease in the polymer's preference for butanol in the oxidized
state can be used for releasing the extracted butanol by oxidizing the ferrocene moieties.
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Figure 3-27 Plot showing the reduction in butanol concentration in supernatant after
equilibration with unmodified and redox polymer grafted CB in the reduced and the
oxidized states
3.4.2 Radical grafting of polymers from CP surface
3.4.2.1 Selection of suitable grade of CP
Carbon fibers in the form of sheets are known for their light weight, high strength, high
stiffness, and high electrical conductivity. These sheets are available in a variety of
weaves, weights, widths and finishes to suit a wide range of applications. In this project
two different kinds of carbon fiber sheets or mats were obtained as free samples for
research purposes from vendors, and their chemical and mechanical properties were
compared to choose one which was more suited for the use as the conducting substrate
for making redox polymer electrodes.
CP produced by Toray Industries, Inc. was purchased from Electrochem, Inc.
(Woburn, MA). These are porous materials which allow gases to pass through to the
catalyst layer and are primarily used for making electrodes in fuel cells. Since carbon is
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conductive, it facilitates the transport of electrons. Both the carbon paper and carbon
cloth are available in either untreated or pretreated form. The treated form becomes
hydrophobic and prevents the gas diffusion layer (GDL) from becoming saturated by
liquid water, while still allowing reactant gas and water vapor to pass through the pores
of the material [112]. To make Toray's CP from carbon fibers, the fibers are chopped and
made into a liquid suspension and the suspension is made to undergo paper making
process to prepare mats. They are then impregnated with roughly 10-15 wt% phenolic
resin, which acts as a binder. The mixture is hot pressed and further carbonization is
carried out. The process concludes by laminating several such sheets to obtain carbon
paper of desired thickness (based on personal communication with Sales Representative
of Toray Composites America). In this study, Toray CP of grades EC-TP1-030 and EC-
TP1-060 were purchased and attempts were made to make redox polymer modified
electrodes from them. The former has a thickness of 90ptm while the latter is 170ptm
thick. Both grades of CP can not be bent or folded. However, EC-TP1-030 is extremely
brittle making it difficult to handle. Therefore, EC-TP 1-060 was chosen as the Toray CP
of choice from the two grades available. The specific surface area of EC-TP1-060 CP
was determined by BET surface area measurement carried out under Krypton
environment by Quantachrome Instruments (Boynton Beach, FL) and was found equal to
0.37m2/g. The EC-TP1-060 CP mat was viewed under SEM microscope, and the average
fiber diameter was found to be 7 tm from the SEM micrograph (Figure 3-28) of Toray
CP.
The brittle nature of Toray CP posed problems in handling. Moreover, since most
reactions for carbon paper modification were carried out in round bottom flasks, the
brittleness of Toray CP restricted the maximum size of a single piece of CP which could
be chemically modified by a chemical reaction to the size that could be put into the flask
through its narrow neck. To overcome these problems, non-woven mats of carbon fibers,
C10001010T and C10004017T, were obtained as free samples from Marktek, Inc.
(Chesterfield, MO). These fibers had the properties of fabrics as far as the ease with
which they could be folded into sheets was concemed. This extremely attractive property,
however, could not justify their use for making electrodes because these mats
decomposed into individual fibers on the action of organic solvents like dioxane at
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temperatures in excess of 500C. The ability of the electrode substrate to withstand the
exposure to organic solvents is critical to preparation of redox polymer electrodes by
chemical modification. Moreover, the conductivity of the non-woven carbon fiber mats
obtained from Marktec was found to be an order of magnitude lower than the
conductivity of Toray CP (Table 3-4). Thus, the non-woven carbon fiber mats provided
by Marktek, Inc. were not selected for making electrodes.
Of the different grades of carbon fiber mats used, Toray CP of grade EC-TP1-
060, showed the most desirable properties of high conductivity, chemical inertness and
high chemical and mechanical strength. Thus, it was chosen for the preparation of redox
polymer electrodes.
Figure 3-28 SEM micrograph of unmodified Toray CP EC-TP 1-060
Table 3-4 Average thickness and conductivity of different grades of CP
Substrate
EC-TP1-030
EC-TP1 -060
C1000101OT
C10004017T
Average
thickness (in pm)
90
170
100
100
Conductivity (in S/m)
1.61 x104 ± 4.93x103
1.95x104 ± 3.74x103
9.55x102 ± 2.78x102
8.39x102 ± 2.67 x102
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3.4.2.2 Verification of successful azo attachment by elemental analysis
The CP, after treatment by n-butylithium, diisocyanate and ACVA was analyzed to
determine the presence of azo groups to confirm the success of the modification step. The
increase in the amount of nitrogen atoms incorporated by chemical attachment to the CP
was confirmed by elemental analysis, as the elemental composition of unmodified CP
and azo-modified CP presented in Table 3-5 shows. The nitrogen content of the azo
modified CP is more than 4 times the nitrogen content of the unmodified CP. However,
the attempt to find if nitrogen was present in the form of azo groups on the surface of CP
by carrying out reaction with DPPH solution in toluene was not successful. Little, if any,
change in the color of the DPPH solution was observed. It is to be noted that CP differs
from CB in its specific surface area (0.37m 2/g for CP vs. 160m 2/g for CB). The low
specific surface area would result in low concentration of the azo-groups, if any, on the
surface making the change in the UV-vis absorption intensity at 520nm negligible. Thus,
with the knowledge of the enhancement in the nitrogen content of the CP and without
confirming if the azo groups necessary for polymer grafting were indeed present, the next
reaction step of polymer grafting by immersing the azo-treated CP in a solution of the
monomers, HBMA and VF and heating, was carried out. Since the polymer grafting
required the initiation from the azo groups attached to the CP, the successful grafting of
the redox polymer (confirmed by TGA of CP after grafting step (section 3.4.2.3)) was
used as an indirect proof of successful azo modification.
Table 3-5 Elemental composition of unmodified CP and CP after azo modification
Weight (%)
Sample Carbon Hydrogen Nitrogen
Unmodified CP 95.26 0.19 0.13
CP after azo modification 95.47 0.12 0.56
3.4.2.3 Verification of successful redox polymer attachment by TGA
The CP after being kept immersed in a solution of HBMA and VF in dioxane for 24
hours at 70'C was washed with excess 1,4-dioxane to remove the monomers and was
dried in vacuum. After the drying was completed, the CP was analyzed using TGA to
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determine the weight of the polymer attached to it. The TGA of CP after polymer grafting
is shown in Figure 3-29. Since the redox copolymer of HBMA and VF is characterized
by weight loss between 200*C and 500*C, the weight loss in this temperature range
confirmed the attachment of 3.2 weight percent of polymer. The grafting is less than the
grafting obtained in the case of CB modification on a per unit mass basis. However,
given the low specific area of CP in comparison to that of CB, the low grafting was
expected and can be attributed to the lower concentration of the modifiable functional
groups on the surface of CP.
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Figure 3-29 TGA results showing the weight loss as a function of temperature of
unmodified CP and CP after redox polymer grafting using the azo modification strategy
3.4.2.4 SEM images ofpolymer grafted CP
After confirming the polymer grafting by TGA, the CP was viewed using SEM. The
SEM micrograph of the polymer grafted CP is shown in Figure 3-30. It is evident that the
clean fiber surface of unmodified CP (Figure 3-28) had undergone modification, and the
attached polymer clusters on the fibers can be easily seen. However, the polymer coating
164
on the fibers was not uniform. The polymer attachment did not result in appreciable
change in the thickness of the carbon fibers.
(a) (b)
Figure 3-30 SEM micrograph of CP after redox polymer grafting using azo modification
strategy at two different magnifications
3.4.2.5 Electrochemical characterization
(i) Location and characteristics ofpeaks in CV
The electrode prepared by the grafting of redox polymer made up of HBMA and VF on
CP was characterized electrochemically using CV. The voltammogram obtained on
carrying out the CV of the electrode in a 6% (v/v) butanol-water solution containing
0.1M NaNO3 carried out at a scanrate of 20mV/s is shown in Figure 3-31. The anodic and
cathodic peaks were observed at 0.40V and 0.26V respectively. The mean redox potential
for this electrode was, therefore, calculated to be 0.33V. The redox potential fell in the
range of redox potential characteristic of ferrocene containing polymers [84, 108-111].
Moreover, the presence of a single peak in the oxidation and reduction halves of the cycle
helped conclude that the peaks could be attributed to the one-electron redox reaction of
the ferrocene moieties in the polymer attached to CP .The magnitude of the charging
current as a fraction of the maximum current was lower in the case of these electrodes
than the electrodes prepared by grafting the redox polymer on the surface of CB particles,
although it was significant enough to be corrected for when calculating the peak current.
The much lower specific surface area of carbon fibers in comparison to CB is clearly the
explanation for charging current being smaller in this case.
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Figure 3-31 Voltammogram obtained by CV of electrode made using CP grafted with
redox polymer
The electrodes which were washed several times in dioxane after the polymer grafting
step to remove any ungrafted polymer and unreacted monomers did not show any loss of
electrochemical activity over multiple CV cycles. The voltammograms obtained for
successive cycles overlapped completely showing complete reversibility of the redox
reaction..
(ii) Effect of solvent on CV
The effect that solvents of different polarities had on the electrode prepared by grafting
redox polymer on CP was similar to what was observed in the case of redox polymer
grafted CB. The CV of the electrode in organic solvents like butanol and
dichloromethane showed insignificant electrochemical activity. The current response
measured when NaNO3 containing water was used as the electrolyte increased on
addition of butanol to the solvent phase. This, as in the case of CB, was attributed to the
swelling of the polymer layer around the carbon fibers in the butanol-water solution
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which allowed the counter-ions in the water reach deeper inside the polymer allowing the
oxidation of the ferrocene moieties present in these regions. The enhancement in the
number of ferrocene moieties getting oxidized resulted in an increase in the magnitude of
the peak current as is evident from Figure 3-32.
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Figure 3-32 Voltammograms obtained by CV of electrodes made from redox polymer
grafted CP in different solvents
(iii) Effect of scanrate on peak current
The peak current in the voltammograms, after correcting for the charging current, was
found to show a very good linear fit when plotted against the square root of the scanrate.
The plot is shown in Figure 3-33. The dependence of peak current on the square root of
the scanrate is in agreement with the behavior predicted by the Randles-Sevcik equation
suggesting that the diffusion of the electrons and the counter-ions in the polymer layer on
the carbon fibers was the rate controlling step.
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Figure 3-33 Dependence of peak current obtained in CV on the square root of scanrate
for electrodes made by grafting redox polymer from CP
3.4.3 Grafting of redox polymer on CP by ligand exchange reaction
3.4.3.1 Verification of successful redox polymer attachment by TGA
The CP at the end of the grafting reaction was washed with excess 1.4-dioxane to remove
the ungrafted polymer and, thereafter, dried in vacuum. The TGA of the CP after it had
been dried is shown in Figure 3-34. Based on the weight loss of the CP, it was concluded
that 4.5 wt% of polymer had been successfully attached to the CP. The attachment
showed an increase in grafting from what could be achieved by azo modification of the
carbon fibers by nearly 40% as is clear from Figure 3-34.
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Figure 3-34 TGA results showing the weight loss as a function of temperature of CP
after grafting of redox polymer by ligand exchange, unmodified CP and CP after redox
polymer grafting using the azo modification strategy
3.4.3.2 SEM images ofpolymer grafted CP
As in the case of CP from the surface of which redox polymer chains were grown after
azo modification, the SEM micrograph of CP after ligand exchange reaction with
poly(HBMA-co-VF) shows the presence of polymeric domains on the carbon fibers
which make up the CP (Figure 3-35). It is claimed that the polymer is attached to the
carbon fiber through chemical linkages because it does not dissolve when the CP is
washed repeatedly with excess 1,4-dioxane after the grafting reaction.
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(a) (b)
Figure 3-35 SEM micrograph at two different magnifications of CP after redox polymer
grafting using ligand exchange reaction
3.4.3.3 Electrochemical characterization
(i) Location and characteristics of peaks in CV
The electrode prepared by the grafting of redox co-polymer of HBMA and VF on CP by
ligand exchange reaction was characterized electrochemically using CV. The
voltammogram obtained on carrying out the CV of the electrode in a 6% (v/v) butanol-
water solution containing 0.1 M NaNO3 carried out at a scanrate of 20mV/s is shown in
Figure 3-36. Repeated voltammetric scans showed the current response to be noisy. The
noise was removed manually by post-processing of the data using filtering commands in
MATLAB. The voltammogram shown in Figure 3-36 was arrived at after the filtering of
the noise. The noisy behavior was attributed to the failure in washing off the aluminum
powder added to the reaction mixture to catalyze the ligand exchange reaction
completely. Aluminum being an easily oxidizable metal was expected to alter the
electrochemical activity of the electrode.
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Figure 3-36 Voltammogram obtained by CV of electrode made using CP to which redox
polymer had been grafted using the ligand exchange reaction
The anodic and cathodic peaks were observed at 0.43V and 0.29V respectively. The
mean redox potential for this electrode was, therefore, calculated to be 0.36V. The redox
potential fell in the range of redox potential characteristic of ferrocene containing
polymers [84, 108-111]. Moreover, the presence of a single peak in the oxidation and
reduction halves of the cycle helped conclude that the peaks could be attributed to the
one-electron redox reaction of the ferrocene moieties in the polymer attached to CP .The
magnitude of the charging current as a fraction of the maximum current could not be
determined accurately because the filtering of the data to remove the noise introduced
numerical inaccuracies in the values. However, the presence of distinct peaks during the
oxidation and the reduction halves indicated that the charging effects were considerably
less important than the redox effects. The much lower specific surface area of carbon
fibers in comparison to CB is clearly the explanation for charging current being smaller
in this case. The electrodes which were washed several times in dioxane after the
polymer grafting step to remove any ungrafted polymer and unreacted monomers did not
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show any loss of electrochemical activity over multiple CV cycles. The voltammograms
obtained for successive cycles overlapped completely.
(ii) Effect of solvent on CV
Similar to the behavior of the electrodes made using CB grafted with redox polymer and
CP grafted with redox polymer using the 'grafting from' approach, the addition of
butanol to the electrolytic medium enhanced the current response. This was, again,
thought to be a result of faster electron transfer through the polymer matrix from the
carbon fibers to the bulk electrolyte because of the ability of butanol containing
electrolyte and the counterions in it to penetrate deeper inside the polymer layer owing to
the preference of the polymer for butanol.
(iii) Effect of scanrate on peak current
The peak current in the voltammograms, after correcting for the charging current, was
found to vary linearly when plotted against the square root of the scanrate. The plot is
shown in Figure 3-37. However, the confidence in the linearity of the data points in the
plot was less than the two previous types of electrodes discussed, as reflected in the lower
value of the regression coefficient R2 . This was again attributed to the numerical
inaccuracies caused by the filtering of the experimental data points to get rid of the noise
in the measurements. Moreover, the non-zero Y intercept of the best fit line is not
uncommon in literature. Researchers have attributed it to the errors in experimental
measurements and the inaccuracies associated with subtracting the charging current from
the redox current [89]. These sources of error along with the error induced due to noise
reduction explain the lower value of R2. The linear dependence, nevertheless, of peak
current on the square root of the scanrate was is in agreement with the behavior predicted
by the Randles-Sevcik equation suggesting that the diffusion of the electrons and the
counter-ions in the polymer layer on the carbon fibers was the rate controlling step.
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Figure 3-37 Dependence of peak current obtained in CV on the square root of scanrate
for electrodes made by grafting redox polymer on CP by ligand exchange reaction
3.4.4 Attachment of redox polymer on CP via iCVD
3.4.4.1 Confirmation of successful iCVD deposition
The iCVD deposition of polymer on CP was confirmed by measuring the weight loss of
the CP during TGA when was heated at 10*C/minute from room temperature up to
900*C. A sharp decrease in weight at 400*C as can be seen in Figure 3-38 indicated a
polymer deposition of nearly 1.3wt%. The thickness of the deposition was determined by
measuring the polymer thickness on the silicon wafer. A rough estimate of 200nm was
made by interferometry while a more accurate value of 221±0.2 nm was obtained by
ellipsometry. The composition of the polymer was determined by FT-IR and XPS of the
polymer layer on the silicon wafer. These results are discussed next.
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Figure 3-38 TGA results showing the weight loss as a function of temperature of
unmodified CP, CP after iCVD deposition of poly(PFM-co-EGDA), and CP after redox
polymer grafting using the azo modification strategy
(i) FT-IR absorption spectra of iCVD polymer deposition
The silicon wafers on which iCVD deposition of co-polymer of PFM and EGDA was
carried out were measured analyzed using FT-IR spectroscopy. The absorption spectrum
is shown in Figure 3-39(c). The PFM moieties were found to give strong characteristic
peak at 1525cm~1(attributed to C-C bonds within benzene rings) and shoulder due to a
carbonyl peak at 1782cm'. Also, the absorption peaks due to the C-F bond in PFM and
the C-0 bond of the ester linkage can be seen at 996cm' and 1072cm', respectively.
The EGDA present in the copolymer resulted in strong absorbance at 1735cm-1 (carbonyl
peak) and 1165cm-' (due to the di-ester functionality). These results were confirmed by
comparing the spectrum to the spectra of homopolymers of PFM and EGDA respectively
deposited on silicon wafer under identical conditions. These spectra are shown in Figure
3-39(a) and (b). As a further confirmation, the spectra were compared with the spectra of
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poly(PFM-co-EGDA), poly(PFM), and poly(EGDA) reported in literature [65] and were
found to be in complete agreement.
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Figure 3-39 FT-IR spectra of (a) poly(PFM), (b) poly(EGDA), and (c) poly(PFM-co-
EGDA) films deposited on IR transparent silicon wafers
The stability of the polymer deposition to the reaction conditions the substrates
would be subjected to for polymer grafting was ascertained. This was done by measuring
the polymer deposition thickness by ellipsometry and the FT-IR spectrum of poly(PFM-
co-EGDA) layer on the silicon wafer after washing it with methanol and, thereafter,
drying it by blowing dry air over it. The thickness value and the FT-IR absorption
spectrum were found to remain unchanged on treatment with methanol. Similarly,
washing the polymer layer with dioxane did not result in any change in the polymer
thickness (determined by ellipsometry) and its composition (determined by FT-IR
absorption spectrum). These results assume significance because they highlight the
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necessity of cross-linking the polymer layer. When homopolymer of PFM was deposited
on silicon wafer, it was found to dissolve instantly when brought in contact with
methanol and dioxane. Thus, the cross-linking due to EGDA is essential for the
mechanical stability of the polymer film.
The polymer layer was found to be stable to temperatures up to 80'C as no
degradation of the polymer was observed on heating the silicon wafer with the polymer to
80*C for 24 hours.
(ii) XPS of silicon wafer coated with poly(PFM-co-EGDA)
The silicon wafer with the iCVD deposition of poly(PFM-co-EGDA) was analyzed using
XPS. The XPS scan showed strong signals at values of binding energy equal to 287eV,
533eV, and 689eV which are characteristic of the Is orbital of carbon, oxygen, and
fluorine respectively. More importantly, the XPS did not detect any nitrogen on the
surface as can be concluded from the absence of any peak at 399eV (Figure 3-40).
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Figure 3-40 XPS spectrum of silicon wafer coated with poly(PFM-co-EGDA)
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3.4.4.2 Confirmation of successful attachment of azo initiator
The reaction between AMNP in methanol and the poly(PFM-co-EGDA) layer on the
substrates was confirmed by a sequence of analytical tests. The results are discussed
below.
(i) Wetting of silicon wafer coated with polv(PFM-co-EGDA)
Contact angle of solution of AMNP in methanol when placed on silicon wafers with
iCVD deposition of the copolymer of PFM and EGDA was measured as described in
section 3.3.10.11. The reaction between a polymer film and another reactant in solution
form is dependent on the ability of the solvent medium to wet the polymer and enter the
polymer matrix. This allows the reactant dissolved in the solvent to react with bulk
polymer and not just the surface. The drops of AMNP solution in methanol displayed an
advancing contact angle of 23.300 and a receding contact angle of 6.900. The images used
for making these measurements are shown in Figure 3-41. The low value of the contact
angle indicated the affinity of the polymer for the solvent which would allow AMNP in
the solution phase to react with the PFM moieties in the polymer.
(a) (b)
Figure 3-41 Contact angle measurement of AMNP solution in methanol on silicon wafer
coated with poly(PFM-co-EGDA) when the drop is (a) advancing, and (b) receding
(ii) FT-IR spectra of silicon wafer after reaction with initiator solution
The silicon wafers with the poly(PFM-co-EGDA) deposition were analyzed using FT-IR
spectroscopy after reaction with the AMNP solution in methanol. The absorbance
spectrum obtained was identical to the spectrum to the spectrum of the silicon wafer with
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the polymer deposition before the azo modification. The lack of new absorbance peaks
indicated that if at all the functionalization had taken place as per the reaction shown in
Figure 3-15, it had resulted in chemical modification of a small fraction of the
pentafluorophenyl moieties which was not significant enough to cause a change in the
spectrum. It was expected based on this result that the bulk polymer layer was not
affected by the reaction and the reaction may have been limited to the surface of the
polymer layer. The surface of the polymer was analyzed using XPS, the results of which
are discussed next.
(iii) XPS of silicon wafer after reaction with initiator solution
The silicon wafer with poly(PFM-co-EGDA) deposition after reaction with AMNP
solution in methanol was dried in vacuum and then sent for XPS analysis. The spectrum
obtained is shown in Figure 3-42(a). The spectrum shows peaks attributable to the ls
orbitals of carbon, oxygen and fluorine at 287eV, 533eV and 689eV, respectively, similar
to the spectrum in Figure 3-40 of the wafer before the azo modification. Interestingly the
spectrum also shows a small peak characteristic of Is orbital of nitrogen at 399eV,
indicating the presence of nitrogen on the surface. The peak due at 399eV was also found
in the XPS spectrum of an unmodified silicon wafer (i.e. silicon wafer without the
poly(PFM-co-EGDA) deposition) which was immersed in AMNP solution in methanol
under identical conditions (Figure 3-42(b)). However, the peak intensity was found to be
much weaker in this case confirming that the nitrogen peak in Figure 3-42(a) was not a
result of surface adsorption alone but was produced as a result of chemical reaction
taking place at the surface.
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Figure 3-42 XPS spectra of the surface of (a) silicon wafer coated with poly(PFM-co-
EGDA), and (b) unmodified silicon wafer after the reaction of the two wafers with
AMNP solution in methanol
(iii) Verification of successful azo attachment by DPPH test
The presence of azo groups on the surface of the poly(PFM-co-EGDA) layer after
reaction with AMNP was confirmed by the DPPH analysis. Silicon wafers with
poly(PFM-co-EGDA) were analyzed using the DPPH test (described in section 3.3.10.3)
before and after azo modification. Similar tests were carried out using unmodified silicon
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wafers, as well. The UV-vis absorption spectrum of DPPH solution in toluene which was
made to react at 70*C with unmodified silicon wafer and silicon wafer with poly(PFM-
co-EGDA) deposition before azo modification showed a peak at 520nm. However, the
DPPH solution when reacted with the silicon wafer with poly(PFM-co-EGDA)
deposition after azo treatment under similar conditions showed a peak with lower
absorbance confirming that the free radicals produced by decomposition of the azo
groups on heating the azo-modified silicon wafers reacted with the DPPH in solution.
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Figure 3-43 UV-vis spectra of DPPH solution in toluene after reaction with unmodified
silicon wafer and iCVD coated silicon wafer after azo modification with AMNP solution
in methanol as per the conditions of the DPPH test
(iv) TGA of CP coated with poly(PFM-co-EGDA) after azo modification
The TGA of CP coated with poly(PFM-co-EGDA) after azo modification was nearly
identical to the TGA of the CP before the modification. This was expected because based
on the FT-IR and XPS results, the functionalization had taken place only at the surface
and not in the bulk. The surface functionalization using a small molecule like AMNP can
not significantly alter the weight of the polymer deposition on the carbon fibers.
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3.4.4.3 Confirmation of successful grafting of redox polymer from initiator sites
(i) TGA of CP after redox polymer grafting
The attachment of the redox polymer to CP by free radical polymerization initiated from
the azo sites introduced on the poly(PFM-co-EGDA) substrates was confirmed by TGA.
The weight of the CP sample was plotted as a function of temperature in Figure 3-38. In
the temperature range of 200*C and 450'C, the weight loss increased from 1.3wt% in the
case of CP with iCVD deposition of poly(PFM-co-EGDA) to 1.8% in the case of the CP
after redox polymer grafting. The extra mass which decomposed in the temperature range
of 0.5wt% can be attributed to the redox polymer grafted from the azo modified
poly(PFM-co-EGDA) layer.
(ii) XPS of silicon wafer after redox polymer grafting
The presence of iron on the surface of the polymer coating on silicon wafer was
determined by XPS. The XPS scan (Figure 3-44) showed a peak at 709eV which is
characteristic of the 2p orbital of iron. The XPS scan showed absence of fluorine on the
surface. This indicated that the redox polymer layer had completely covered the
poly(PFM-co-EGDA) layer deposited via iCVD. The atomic % of iron on the surface
(determined using CasaXPS software) indicated that if it is assumed that the surface is
completely covered with the redox polymer then the ratio of VF units to the HBMA units
is somewhere in between 1:3 and 1:4. This agrees with the molar ratio HBMA to VF
equal to 1:3 used to prepare the monomer solution which was used for the redox polymer
grafting. Moreover, the XPS scan of the surface of silicon wafer coated with poly(PFM-
co-EGDA) but not modified using AMNP solution and immersed in a solution of HBMA
and VF under identical conditions to act as control, showed a much weaker signal
attributable to iron.
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Figure 3-44 XPS spectrum of the surface of silicon wafer after redox polymer grafting
(iii) Determination of weight% of iron on CP after redox polymer grafting by elemental
analysis
The presence of iron in the bulk of the polymer coating on CP was confirmed by
elemental analysis. Elemental analysis of the CP after redox polymer grafting showed
0.053wt% iron. The experimental value was compared with the theoretically expected
value. The TGA results shown in Figure 3-38 indicated 0.5wt% of redox polymer
grafting on carbon paper. The monomer solution used for polymer grafting had 6.8wt%
iron. As was discussed in section 3.4.1.5, the mol% of the monomers HBMA and VF in
the monomer solution and the mol% of the monomers in the co-polymer are not expected
to be very different. Hence, the expected weight percent of iron on the surface was
0.034wt%. The experimental measurements were greater than the expected value. But
after accounting for the experimental error in measurement (O. 01wt%) and adsorption of
iron taking place, the experimental value and the expected value become nearly equal.
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(iv) FT-IR of silicon wafer after redox polymer grafting
The ferrocene functionalities in the redox polymer layer were evident in the FT-IR
spectrum of the silicon wafer after polymer grafting. The peak characteristic of ferrocene
at 3090cm~1 was evident in the spectrum (Figure 3-45). The other peaks characteristic of
ferrocene in the 810-830cm-1 range and at 1105cm' characteristic of the cyclopentadienyl
ring-metal (iron) stretching overlapped by peaks due to functionalities in the poly(PFM-
co-EGDA) layer and could not be discerned. Moreover, the FT-IR results acted as further
proof of redox polymer grafting because the FT-IR spectra of silicon wafers with
poly(PFM-co-EGDA) deposition and not having made to undergo reaction with AMNP
solution (azo modification) when immersed in HBMA-VF solution under identical
conditions, removed and washed with excess 1,4-dioxane did not show any peak at
3090cm-1. This confirmed that the ferrocene groups were covalently attached to the
poly(PFM-co-EGDA) layer and were not simply adsorbed on the surface.
3600 3000 1800 1500
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Figure 3-45 FT-IR spectrum of poly(PFM-co-EGDA) deposition on IR transparent
silicon wafer after azo modification and subsequent redox polymer grafting
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3.4.4.4 Electrochemical characterization
(i) Location and characteristics ofpeaks in CV
The electrode prepared by the grafting of redox polymer made up of HBMA and VF on
CP modified by iCVD deposition of poly(PFM-co-EGDA) was characterized
electrochemically using CV. The voltammogram obtained on carrying out the CV of the
electrode in a 6% (v/v) butanol-water solution containing 0.1 M NaNO 3 at a scanrate of
20mV/s is shown in Figure 3-46. The anodic and cathodic peaks were observed at 0.38V
and 0.28V respectively. The mean redox potential for this electrode was, therefore,
calculated to be 0.33V. The redox potential fell in the range of redox potential
characteristic of ferrocene containing polymers [84, 108-111]. Moreover, the presence of
a single peak in the oxidation and reduction halves of the cycle helped conclude that the
peaks could be attributed to the one-electron redox reaction of the ferrocene moieties in
the polymer attached to CP .The magnitude of the charging current as a fraction of the
maximum current was lower in the case of these electrodes than the electrodes prepared
by grafting the redox polymer on the surface of CB particles, although it was significant
enough to be corrected for when calculating the peak current. The much lower specific
surface area of carbon fibers in comparison to CB is clearly the explanation for charging
current being smaller in this case. The electrodes which were washed several times in
dioxane after the polymer grafting step to remove any ungrafted polymer and unreacted
monomers did not show any loss of electrochemical activity over multiple CV cycles.
The voltammograms obtained for successive cycles overlapped completely.
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Figure 3-46 Voltammogram obtained by CV of electrode made from CP after iCVD
deposition, azo modification and subsequent redox polymer grafting
(ii) Effect of solvent on CV
The effect that solvents of different polarities had on the electrode prepared by grafting
redox polymer on CP was similar to what was observed in the case of the redox polymer
grafted electrodes discussed previously. The CV of the electrode in organic solvents like
butanol and dichloromethane showed insignificant electrochemical activity. The current
response measured when NaNO 3 containing water was used as the electrolyte increased
on addition of butanol to the solvent phase. This was attributed to the swelling of the
polymer layer around the carbon fibers in the butanol-water solution which allowed the
counter-ions in the water reach deeper inside the polymer allowing the oxidation of the
ferrocene moieties present in these regions. The enhancement in the number of ferrocene
moieties getting oxidized resulted in an increase in the magnitude of the peak current as
is evident from Figure 3-47.
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Figure 3-47 Voltammograms obtained by CV of electrodes made from redox polymer
grafted on iCVD modified CP in different solvents
(iii) Effect ofscanrate on peak current
The peak current in the voltammograms, after correcting for the charging current, was
found to show a very good linear fit when plotted against the square root of the scanrate.
The plot is shown in Figure 3-48. The dependence of peak current on the square root of
the scanrate is in agreement with the behavior predicted by the Randles-Sevcik equation
suggesting that the diffusion of the electrons and the counter-ions in the polymer layer on
the carbon fibers was the rate controlling step.
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Figure 3-48 Dependence of peak current obtained in CV on the square root of scanrate
for electrodes made by grafting redox polymer on iCVD modified CP
3.4.5 Impregnation of CP by redox polymer gel
3.4.5.1 Wetting of CP by HBMA-VF solution
The successful impregnation of a porous fiber matrix by a liquid is dependent on the
ability of the liquid to wet the fiber mat. To find out if CP (made up of carbon fibers) can
be impregnated by a solution of HBMA and VF containing EGDMA and AIBN, to allow
the synthesis of the polymer gel around the fibers in the CP, measurement of contact
angle of HBMA-VF solution on CP was carried out. The images showing the advancing
and receding contact angles of a HBMA-VF solution of the same composition as the one
used to make HBMA-VF-6 gel are shown in Figure 3-49(a) and (b). The values of the
advancing and receding contact angles were found to be 30.400 and 18.100 respectively,
which are much less than the critical value of contact angle of 900, confirming the
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wettability of unmodified CP with the mixture of the monomers used for preparing
HBMA-VF-6 gel.
(a) (b)
Figure 3-49 Contact angle measurement of a drop of HBMA-VF solution on CP when
the drop is (a) advancing, and (b) receding
3.4.5.2 Characteristics of impregnated electrode
A series of electrodes were prepared by impregnating CP with redox polymer gels of
different compositions. For characterization purposes, electrodes impregnated with gel
having composition equal to the composition of HBMA-VF-6 gel were used since the
HBMA-VF-6 gel's composition was found to be optimum for use in butanol separation
system in chapter 2. After several trials, it was found that electrodes made by using 31mg
of the monomer solution to impregnate 1cm 2 of CP resulted in uniform surface coverage
of the gel over the CP. Using lower 'loading' resulted in islands of gels on the CP while a
higher 'loading' resulted in non-uniformity in the gel thickness on the CP. Image of an
electrode made using CP impregnated with redox polymer is shown in Figure 3-50.
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Figure 3-50 Image of electrode made using CP impregnated with redox polymer gel
The conductivity of the electrode was measured using the 4 point probe
technique. It was found that the conductivity of CP reduced by four orders of magnitude
after being impregnated by 31mg/cm2 of HBMA-VF-6 gel. The numerical values of the
conductivity are shown graphically in Figure 3-51. A decrease in conductivity was
expected since the polymer gel made up of methacrylate backbone does not have high
conductivity. However, as will be seen in the electrochemical characterization results, the
decrease in conductivity did not pose a big problem because the electrode with the gel
when brought in contact with an aqueous electrolyte containing butanol swelled up
allowing the electrolyte and the counter-ions to reach deep within the polymer matrix
and, thereby, reducing the resistive path length through which electron would have to
flow from the conducting carbon fibers to the bulk electrolyte.
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Figure 3-51 Conductivity of unmodified CP and CP after impregnation by redox polymer
gel obtained using the 4-point probe technique
3.4.5.3 Electrochemical characterization
(i) Location and characteristics of peaks in CV
The CV of the electrode obtained by impregnating CP with 31mg/cm2 of redox polymer
gel of composition same as that of HBMA-VF-6 gel in a 6% (v/v) solution of butanol in
water containing 0.1M NaNO 3 at a voltage scanrate of 20mV/s is shown in Figure 3-52.
It can be seen that the voltammogram shows distinct peaks at 0.47V and 0.29V. The
redox potential which is the mean of the peak potential is then found to be equal to
0.38V. The presence of a single peak in the range of 0.30V to 0.40V is in agreement with
the location of peaks of ferrocene containing polymers in literature [84, 108-111]. The
peaks are broad and separated by 0.1 8V indicating that the local chemical environments
of the different ferrocene moieties in the polymer are somewhat different which causes
their oxidation and reduction at slightly different potentials.
190
30
20-
( 10 -
0
LM
~-10U
-201
-30I I I0.7 0.6 0.5 0.4 0.3 0.2 0.1 0
Voltage applied (V)
Figure 3-52 Voltammogram obtained by CV of CP impregnated with redox polymer gel
having composition of HBMA-VF-6 gel
On carrying out multiple cycles of voltage scan in succession, the voltammograms were
observed to overlap completely with each other confirming the complete reversibility of
the redox reaction and the attachment of ferrocene moieties to the polymer gel backbone
in the absence of which the ferrocene moieties would have dissolved in the electrolyte
and the current response over successive cycles should have decreased.
(ii) Effect of solvent on CV
The CV of the electrodes prepared by impregnating CP with redox polymer showed very
little electrochemical activity, if any, in organic solvents like butanol and methylene
chloride. Like the other electrodes prepared in this project, the magnitude of the current
in the CV of the electrode in water as the solvent went up on the addition of small
quantities of butanol to the solvent phase (Figure 3-53). This is, again, attributed to the
fact that the presence of butanol in the solvent phase causes swelling of the gel, allowing
a larger fraction of the ferrocene moieties to get oxidized as the swelling allowed the
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counter-ions to reach those regions of the gel which could not be reached previously due
to the low swelling of the gel in water.
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Figure 3-53 Voltammograms obtained by CV in different solvents of electrode made by
impregnating CP with redox polymer gel
(iii) Effect of scanrate on CV
The value of the peak current was found to increase on carrying out the voltammetric
scans at higher scanrates. The increase in the peak current was proportional to the square
root of the scanrate indicating that the diffusion of electrons and counterion inside the
polymer gel layer around the carbon fibers controlled the rate of electron transfer.
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Figure 3-54 Dependence of peak current obtained in CV on the square root of scanrate
for electrodes made by impregnating CP with redox polymer gel
3.4.6 Mechanism of electron transport within redox polymer film
The transport of electrons from the electrode, through the redox polymer film to the
electrolyte and ultimately to the counter electrode is a complex phenomenon. The most
interesting part of this journey of an electron is its motion within the polymer film.
Layers of redox polymer on conducting substrates can be created using a variety of
techniques, some of which have been used in this project. The co-polymer of HBMA and
VF synthesized in this project consists of randomly distributed redox-active ferrocene
sites, while the bulk of the polymer chain made of HBMA is non-conducting. The use of
cyclic voltammetry to determine the dependence of peak current on scanrate was used to
conclude that diffusion of electrons through the polymer film is the rate determining step
in the electron exchange process (section 3.2.5.6). However, as was discussed in section
3.2.6, diffusion of electrons itself can occur in several modes, like bounded diffusion and
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electron hopping. The detailed analysis of the mechanism of electron transport
controlling electron transport in the electrodes made as part of this project is carried out
in this section.
3.4.6.1 Variation of measured peak current in CV with the ferrocene content of the
redox polymer electrode
A series of electrodes was prepared using the four techniques described in previous
sections for making redox polymer electrodes. The composition of the polymer attached
to the electrodes made using the same technique was varied so as to result in a set of
electrodes differing in their ferrocene content. The electrochemical characterization of
these electrodes was carried out using CV in a 0.1 M NaNO3 solution in water containing
6% (v/v) butanol. The peak current of the resulting voltammogram was measured and
plotted as a function of the ferrocene content of the polymer on the electrode. The
ferrocene content of the polymer was assumed equal to the mol% of ferrocene in the
monomer solution used to prepare the electrode. The results are plotted in Figure 3-55. It
is noteworthy that the precise value of the peak current may be inaccurate since it was
arrived at after background correction of the original voltammogram obtained by CV.
Moreover, the value of the peak current could be measured by measuring the excess
current over and above the charging current. Both these corrections have potential
numerical inaccuracies associated with them. However, on applying a consistent
standardized methodology for carrying out these corrections to all the electrodes, the
value of the peak current relative to each other was found to be reproducible. In other
words, the shape of the curves was reproducible although the ordinates were not.
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Figure 3-55 Variation of peak current with the mol% of ferrocene in the redox polymer
electrodes prepared by (a) grafting redox polymer from the surface of azo-modified CB;
(b) grafting redox polymer from the surface of azo-modified CP; (c) grafting redox
polymer to the surface of CP by ligand exchange reaction; and (d) impregnating CP with
redox polymer gel
The four techniques used to make the electrodes can be broadly classified into
two categories-one in which polymer chains are attached to or from a conducting
substrate while the other in which cross-linked polymer chains mesh around the
conducting carbon fibers forming the carbon paper. The redox polymer electrodes based
on CB and CP surface modification fall in the former category while the electrode
obtained by impregnating CP with HBMA-VF polymer chains cross-linked using
EGDMA fall in the latter category. Interestingly, the shape of the peak current versus
ferrocene concentration plots also shows two different shapes-one in which the current
seems to rise sharply from zero, then the rate of increase decreases so as to almost form a
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plateau and finally the current rises again; and second in which it shows a monotonic rise
with ferrocene concentration without any plateau like region. The electrodes which result
in curves having the former shape are the ones which have uncrosslinked redox polymer
chains attached to the conducting substrate and the cross linked polymer display the latter
behavior. A quick glance at the shapes of these curves indicates interplay of at least two
different effects that may be controlling the electron transport. Conclusions regarding the
different electron transport mechanisms in uncrosslinked and crosslinked redox polymer
chains are derived based on the shape of these curves using the Blauch-Saveant model in
the following sub-sections.
3.4.6.2 Analysis of experimental results using the Blauch-Saveant model
The measured peak current in CV of diffusion controlled electrochemical processes
varies with the diffusion coefficient and the concentration of the redox species as per the
Randles-Sevcik equation. Thus, peak current, ip, is proportional to the square root of the
apparent diffusivity of the electron, Dap, times the concentration of redox species, c. The
diffusivity of electron, in the case of polymer modified electrodes, itself may depend on
the concentration of the redox sites. Mathematically, this can be stated as
i, oc (D, (c)) 0 X C (3.22)
The Blauch-Saveant [102] model that was discussed in section 3.2.6.1 can be used to
model the diffusivity in terms of electron hopping and movement of polymer chains
themselves (bounded diffusion) to arrive at the following expression for Dap.
D = k"C 3'2  P +52 where p= K - "'tot )cS tL (3.23)
"" 6 1 I+ p ,C / cot, 3 A2Xt
The variables in the equation (3.23) have the same meaning as was specified in section
3.2.6. For fast polymer chain motion in ferrocene containing polymers, Bu et al. [103]
simplified the expression in equation (3.23) to
Dap= c (32 +5) (3.24)
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By carrying out this simplification, Bu et al.[103] ignored the concentration dependence
of bounded diffusivity arising from the variation of p with c as per equation (3.23). It is
noteworthy that attributing the variation of bounded diffusivity to A alone and using
equation (3.24) to evaluate this parameter would hold true only in the cases where the
characteristic time for polymer motion is much smaller than the characteristic time for
electron hopping. In those cases where this condition need not be true, the methodology
adopted by Bu et al. [103] can still be applied but not to evaluate A but to calculate the
value of a parameter p which is defined as follows
3/p2 - 32 a(1-c /c,,) where a = ) (3.25)
a(l -c / c o,)+c / c( 23)2 t
This leads to the following Blauch-Saveant model equation for apparent diffusivity.
Da= katc(3p 2 +, 2 ) (3.26)
It is this form of Blauch-Saveant model that would be used in this project to understand
the electron transport mechanisms in electrodes because of the general nature of the
equation as it makes no assumption about relative rates of electron hopping and bounded
diffusion. Moreover, it was apparent from the variation of peak current with mole% of
ferrocene in the plots in Figure 3-55 that there are two important effects contributing
towards electron transport in the redox polymer electrodes- one dominant at low
ferrocene concentration and the other at high ferrocene concentration. And there is a big
range of concentration over which transition from one regime to the other takes place and
the effect of one of either mechanisms can not be neglected in comparison to the other as
was possible in the work of Bu et al. who arrived at a simplified equation of the Blauch-
Saveant model by neglecting electron hopping (A >> ) and considering fast polymer
chain motion (t, te).
Bu et al. concluded that the 'fluidity' of the ferrocene containing polymer chains
decreased with increasing ferrocene concentration which is reflected in the decrease in
the calculated value of A as c was increased. To obtain the functional dependence of 2 on
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c in Bu et al.'s work, the values of /I reported by the authors in their work (Figure
3-12(b)) were plotted on a logarithmic scale as a function of the logarithm of c in this
project. Based on this plot of A versus c on a log-log scale, A was found to be
1
proportional to 0 8 . The polymer attached to the electrodes in this project is chemically
similar to the polymer used by Bu et al. in that it contains vinylferrocene co-polymerized
with another vinyl monomer. Because of the chemical similarity of the polymer gel used
by Bu et al. and the polymer used in this project, it was assumed that for the redox
polymer electrodes prepared in this project, the dependency of /p on c was as per the
following relation.
/3=-- (3.27)8 C"
where o and n are positive parameters specific to a given electrode. The larger the value
of n, faster would be the decrease in the change mobility with increasing ferrocene
concentration. This functional form of p was justified based on the results that will be
discussed later on in this section. Substituting the expression in equation (3.27) into
equation (3.26), we obtained
D,p k~cK 3 02 +(2 (3.28)
6 c2)
The first term in the bracket in the right hand side of equation (3.28) denotes the
contribution of bounded diffusion, while the second term in the bracket, 8?, denotes the
electron hopping mechanism. Electron hopping distance is the center-to-center distance
between the redox species when electron transfer takes place and is independent of the
concentration of the redox species [103]. If the value of n is greater than 0.5 (as was the
case in Bu et al.'s results and as is the case in this project based on the results that will be
discussed later in this section), the expression in equation (3.28) can be simplified in case
of limiting values of c. At very small values of c, the bounded diffusion of the polymer
chains would be the dominant contributor to Dap because of the inverse dependence on c,
while at high concentrations of ferrocene, electron hopping would be the dominant
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mechanism because diffusion by electron hopping will continue to increase linearly with
c while bounded diffusion will become smaller and smaller.
At low c, >>2 and Dap ~ (3.29)
At high c, C 3<<2 and DP kactc (52) (3.30)
c 6
The expressions in equations (3.29) and (3.30) can be used to obtain the dependence of
peak current in CV, ip, on c based on equation (3.22) as shown below.
0.5
At low c, i oc kactcL3 J X c (3.31)
or, i o c (3.32)
At high c, i, C (32 ) x c (3.33)
or, i oc C1 5  (3.34)
The experimental results of Bu et al. [103] as well as this project indicate the inverse
proportionality of p on c (n>0). However, the shape of the curve obtained by connecting
the data points in Figure 3-55(a), (b), and (c) indicates a region of sharp rise in current
with ferrocene concentration in polymers with low ferrocene content. The sharp rise is
followed by a region where current does not change appreciably with change in the
concentration. This shape can be achieved only if the exponent to which c is raised to is
less than 1. Thus, n is expected to be greater than 0.5. Additionally, the current due to
oxidation of the redox polymer gel should be zero and not infinity as concentration, c, of
redox species goes to zero. Thus, the parameter n can not have value greater than 1.5.
0.5 < n <1.5 (3.35)
Based on these limiting cases, the dependence of peak current (as measured using CV) on
ferrocene concentration was expected to have the shape shown schematically in Figure
3-56. The low c limit attributed to the dominance of bounded diffusion and having
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functional form given in equation (3.32), and the high c limit of the current arising from
the dominance of electron hopping and having functional form given in equation (3.34)
are plotted separately along with the combined effect. The value of n used for plotting
this schematic was chosen as 1.3 without loss of generality.
0 0.5 - 1 1.5 2
Concentration
Figure 3-56 Schematic illustrating the shape of the variation of measured peak current in
CV with the concentration of the redox moiety in the polymer due to the individual and
combined effects of electron diffusion by bounded diffusion and by electron hopping
It can clearly be seen that the interplay of bounded diffusion and electron hopping
can qualitatively explain the electron transport mechanism in the redox polymer
electrodes which have uncrosslinked polymer chains as the shape of the curve in the
schematic is similar to the shape of the curve obtained on connecting the data points in
Figure 3-55(a), (b), (c). Less apparent is the ability of this combined model to capture the
electron transport mechanism in the electrodes obtained by impregnating carbon paper
with redox polymer gel. To substantiate the success of the Blauch-Saveant model to
describe the electron transport mechanism in the electrodes and to obtain numerical
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values of the parameters in the model, the following model was fitted to the experimental
data points for each kind of electrode.
i, =K 3- +jc" (3.36)
The value of 3 is a constant for ferrocene containing polymers, and was looked up in
literature [103] and found equal to 0.6nm. The values of K, aw, and n were varied while
carrying out constrained optimization in MATLAB with the following conditions to
minimize the error between the experimental results and the model.
K > 0; CO > 0; 0.5 < n < 1.5 (3.37)
As was mentioned earlier, the ordinate of the experimental data points have associated
errors while the shape of the curve obtained by connecting the data points was
reproducible. The inaccuracies in the value of the peak current were captured by the
parameter K in the model while the remaining two parameters defined the shape of the
curve. Therefore, the numerical values of interest in this project are that of ao and n. The
values of the parameters of and n obtained as a result of the constrained optimization are
presented in Table 3-6. It is important to specify that the constrained optimization results
were found to be very sensitive to the initial guess and the bounds on the parameter
provided. The curve obtained using the model predictions is plotted with the
corresponding experimental data points in Figure 3-57.
Table 3-6 Value of parameters in the Blauch-Saveant model obtained by fitting a curve
to the experimental data points
Description of electrode CO (nm) n
Reodx polymer grafted 'from' CB by azo modification 11.58 1.33
Redox polymer grafted 'from' CP by azo modification 16.02 1.26
Redox polymer grafted 'to' CP by ligand exchange 20.06 1.34
CP impregnated with redox polymer gel 1.02 1.5
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Figure 3-57 Experimental data points (filled circles) along with the best-fit Blauch-
Saveant model curve (red line) showing the variation of peak current with mole% of
ferrocene in the electrodes prepared by (a) grafting redox polymer from the surface of
azo-modified CB; (b) grafting redox polymer from the surface of azo-modified CP; (c)
grafting redox polymer to the surface of CP by ligand exchange reaction; and (d)
impregnating CP with redox polymer gel. The blue and green dashed lines shown the
variation of contribution due to bounded diffusion and electron hopping respectively
The visual inspection of figures in Figure 3-57 confirmed the hypothesis that in
the electrodes with uncrosslinked redox polymer chains, transport of electrons was made
possible by both electron hopping and bounded diffusion of redox centers due to polymer
chain motion. Among the two mechanisms, the mechanism which was dominant was a
function of the concentration of the redox sites. At low ferrocene concentrations,
equations (3.29) and (3.32) held true leading to a sharp rise in current due to fast bounded
diffusion. As the ferrocene concentration was increased, the contribution of bounded
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diffusion became stagnant while electron hopping began to contribute significantly to
electron transport as per equations (3.30) and (3.34). By extrapolating the curves in the
plot, it is expected that in electrodes with even higher ferrocene concentrations, electron
hopping would become the principal mechanism. These results are in complete
agreement with the results of Bu et al. [103] who obtained a U-shaped dependence of
apparent diffusivity on ferrocene concentration indicating high diffusivity due to bounded
diffusion at low ferrocene concentrations and again high diffusivity due to electron
hopping at very high ferrocene concentrations.
The case of electrode obtained by impregnating CP with redox polymer gel is
more intriguing. The value of the parameters co obtained from the best fit curve is an
order of magnitude smaller than the value of the parameter in case of electrodes
containing uncrosslinked polymer chains. This indicates that bounded diffusion,
characterized by P = -, plays lesser role in electron transport in cross-linked films than
C
in uncrosslinked films. Moreover, the value of n as obtained from simulations was very
close to 1.5 signifying that the contribution of bounded diffusion to the diffusion
coefficient is nearly constant over the concentration range of ferrocene in the polymer
explored in this project. These conclusions can also be drawn based on the shape of the
best-fit curve which can clearly be seen to be concave upwards over the entire range of
ferrocene concentration studied.
Moreover, to confirm the insignificant contribution of bounded diffusion towards
electron transport, redox polymer electrodes were prepared by impregnating carbon paper
with HBMA-VF gels with different concentrations of the cross-linker, EGDMA.
Different concentrations of EGDMA would result in gels with different polymer
mobility. If bounded diffusion were to be a significant contributor to electron transport,
the peak current obtained in CV of these different electrodes would differ considerably
with higher peak current expected for more 'fluid' gels with lower cross-linker
concentration. The redox polymer electrode made from gel with 3mol% EGDMA was
used as the reference. The peak current observed for gels with 1.5, 2.0, 2.5, and 3.5mol%
EGDMA were plotted in terms of the percentage difference in their values from the peak
current in case of the electrode with 3.Omol% EGDMA. The results are shown in Figure
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3-58. Within the experimental error range, the values of the peak current did not differ
much from each other, confirming that bounded diffusion is not a significant contributor
to electron transport in cross-linked redox polymer gels.
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Figure 3-58 Variation of peak current as a function of the cross-linker concentration in
the redox polymer gel. Electrode with 3mol% of cross-linker is taken as the reference for
this plot, and the percentage change from the peak current measured in the case of the
this reference electrode is plotted as a function of the mole% of cross-linker in the gel
forming the electrode.
3.4.6.3 Conclusions
Blauch-Saveant model could successfully explain the electron transport in the ferrocene
containing polymer electrodes prepared in this project. Bounded diffusion was found to
be important in the case of electrodes with uncrosslinked redox polymer chains attached
to the substrate, especially at low concentrations of ferrocene. Electron hopping
dominated electron transport in such electrodes at high ferrocene concentrations. Over the
entire range of ferrocene concentration studied in this project, in electrodes made using
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cross-linked polymer gels electron hopping it was concluded that electron hopping was
the primary mode of electronic motion.
3.4.7 Measurement of extraction and release of butanol by electrode made by
impregnating CP with redox polymer electrode over one redox cycle
3.4.7.1 Electrochemical cell set-up
The experiments of butanol extraction and release for which the results are reported in
this chapter were carried out using the electrochemical cell of slot width equal to 0.5cm
2
and area of cross-section equal to 6.45cm . Redox polymer electrodes were prepared such
that the area of the face of the electrode equaled the area of the cross-section of the cell.
The composition of the gel was the same as the composition of the gel HBMA-VF-6
which was concluded to have the best properties among the different gels synthesized.
Each electrode had a gel loading of 0.031 g gel/cm 2 of the electrode. Two such electrodes
were placed in the electrochemical cell and connected suitably to the potentiostat. The
counter electrode and the reference electrode were connected as was described in section
3.3.9.
3.4.7.2 Measurement of butanol extraction by redox polymer electrode when the gel is
in reduced state
The electrodes in the reduced state were used to extract the butanol from electrolyte
solution of 0.1 M NaNO3 in water containing butanol with initial mass fraction equal to
0.061. The concentration of butanol in the electrolyte at the end of the extraction step (as
determined using GC) is compared graphically with the initial mass fraction in Figure
3-59. Since the gel used for impregnating the electrodes had the same composition as the
HBMA-VF-6 gel, the theoretically expected value of the final butanol concentration in
the electrolyte was possible based on the distribution coefficient and capacity values
measured and reported in Figures 2-8, 2-9 and 2-10 in chapter 2. Making a mass balance
on butanol in the electrochemical cell, one obtains
xinatwAp = Xfeed,eqAp+ xfeedeq KOH ( Xfeed,eq P/(Xfeedeq) nLA (3.38)
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where xin, is the initial mass fraction of butanol in the liquid electrolyte phase, Xfeed eq is
the mass fraction of butanol in the liquid phase at equilibrium with the electrodes, w is
the width of the electrochemical cell, A is the area of cross-section of the cell and equal to
the area of the electrode(s), p is the density of the liquid phase, Kj is the equilibrium
distribution coefficient of butanol between the gel phase and the liquid phase (defined as
in equation (2.14) in chapter 2, p is the fractional increase in the mass of the gel in the
reduced state upon solvent uptake, n refers to the number of electrodes used for
extraction, and L is the area of the electrodes. On specifying L in g/cm2, w in cm and
using value of p equal to lg/cm2, the equation (3.38) can be rearranged to the following
form.
Xfeedeq = x eeie ) / eq )nL (3.39)
feedeedeq init w eKed (x)n
This equation assumes that the volume of the working, reference and counter electrodes
are negligible. These assumptions are justified because of the planar shape of the working
electrode and the use of thin bridge tubes for connecting the reference and the counter
electrodes all of which have very small volume compared to the total volume of the cell.
The implicit equation (3.39) can be used to calculate the mass fraction of butanol in the
electrochemical cell at equilibrium using n redox polymer electrodes. This equation was
solved numerically in MATLAB using the experimentally determined values of K d and
p8 to obtain the theoretically expected value of Xfeedeq in an extraction experiment having
initial butanol concentration, xinit, equal to 0.061. The result is also plotted in Figure 3-59.
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Figure 3-59 Plot showing the change in the mass fraction of butanol in the electrolyte in
the electrochemical cell upon extraction by the redox polymer electrode. The
experimentally measured value is compared with the theoretically expected value based
on equation (3.39).
The experimentally determined reduction in butanol concentration in the liquid
phase matches very well with the theoretical result within the experimental error.
Moreover, it shows that a reduction of more than 20% in butanol concentration is
possible using the electrodes in this kind of an electrochemical cell set-up.
3.4.7.3 Measurement of butanol release from redox polymer electrode into the same
medium when the gel is in oxidized state
After the polymer in the electrode had extracted butanol and reached equilibrium and the
concentration of butanol in the liquid phase had been determined, the electrode was
oxidized by applying a potential step 0.8V, as described in section 3.3.9.3. It was
expected that the oxidation would result in a release of butanol from the electrode into the
electrolyte causing the butanol concentration to go up. Since the butanol was being
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released into the medium from which it had been extracted, the initial butanol
concentration in the liquid phase was equal to the final butanol concentration obtained at
the end of the extraction step discussed in section 3.4.7.2. This initial mass fraction and
the experimentally determined final mass fraction of butanol are presented in Figure
3-60.
Again, the application of the oxidation potential is expected to cause a decrease in
the equilibrium distribution coefficient and theoretical calculations can be carried out to
predict the increase in the butanol concentration in the liquid phase upon the electrodes'
oxidation using the experimentally determined values of distribution coefficient of
butanol for HBMA-VF-6 gel in the oxidized state, K'. Making mass balance on butanol
in the electrochemical cell containing the working electrode before and after release of
butanol by the gel on oxidation, one obtains
Xfinal =Xfeed,eq D (Xjeed,eq)fl(Xfeedeq)nL (3.40)
fina fee~eqw + K D (xfnaI )g (XfnaI )nL
This equation is obtained using the same convention for units in which the variables are
measured as was described while deriving equation (3.39). Also, in this equation S refers
to the fractional increase in the mass of the gel in the oxidized state upon solvent uptake,
and Xfnal is the mass fraction of butanol in the electrolyte after the oxidized gel has
reached equilibrium with the butanol containing electrolyte. The value of Xfnal obtained
by implicit numerical solution of equation (3.40) for a starting butanol concentration,
Xfeedeq, of 0.046 and experimentally determined values of KD and 6 (Figures 2-8 and 2-
10 in chapter 2) is also shown in Figure 3-60.
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Figure 3-60 Plot showing the change in the mass fraction of butanol in the electrolyte in
the electrochemical cell upon oxidation of the redox polymer electrode. The
experimentally measured value is compared with the theoretically expected value based
on equation (3.40).
The concentration of butanol is indeed seen to increase in the liquid phase upon
application of the oxidation potential to the redox polymer electrode as is clear from the
10% increase in butanol mass fraction from 0.046 to 0.0505. However, the mean value of
the final mass fraction is less than the theoretically expected result. This may be
attributed to not all ferrocene moieties getting oxidized. The theoretical results were
obtained by using KD} values of HBMA-VF-6 which in turn were arrived at by chemical
oxidation of the gel. Since chemical oxidation is controlled by the diffusion of chemical
oxidizing agent to the ferrocene moieties, over a sufficiently long span of time all the
ferrocene sites can be assumed to have been oxidized. However, oxidation by application
of electric potential of all the ferrocene sites may not be possible even if carried out over
extended time duration because the low electrical conductivity of the bulk polymer may
not allow the effect of the applied potential to be experienced by all sites. In spite of the
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polymer film of low conductivity, it is remarkable that the effect of the oxidation of the
ferrocene sites is seen to result in the increase in the hydrophilic character of the gel
leading to release of the butanol absorbed by the gel in the reduced state. It is important
to note that apart from the change in equilibrium distribution coefficient of butanol when
the gel is in the reduced and the oxidized state, there is no other driving force to which
the release of butanol from within the electrode may be attributed to. This is in contrast to
the case which will be discussed next when redox polymer electrodes which are swollen
in butanol-water solution in the reduced state are put in pure water and oxidized.
3.4.7.4 Measurement of butanol release from redox polymer electrode into water when
the gel is in oxidized state
The release of extracted butanol by the redox polymer electrode was carried out using the
second approach described in section 3.3.9.3. The swollen electrode was removed from
the original electrochemical cell, put in another cell containing 0. 1M NaNO 3 solution in
water, and oxidized using a potential step of 0.8V. Since the electrolyte in the second cell
did not contain any butanol to start with, the butanol content of the liquid phase at the
equilibrium was clearly the butanol inside the gel which was released. The
experimentally measured value of the mass fraction of butanol in the second cell which
originally contained, denoted by xfnaI, is shown in Figure 3-61.
The release of butanol from the swollen electrode to the liquid phase can be
attributed to two mechanisms-part of the release would occur even when the ferrocene
moieties are in the reduced state due to diffusion to bring butanol in the gel phase in
equilibrium with butanol in the liquid phase, and the other driving force for the release of
butanol is the change in the equilibrium distribution coefficient due to the oxidation of
the gel. If the mass fraction of the butanol at equilibrium in the cell in which the electrode
was swollen is Xfeedeq, and the mass fraction of butanol in the second electrochemical cell
originally containing no butanol that would result when the electrode is put into it in the
reduced state is denoted by xfinalldjffusion then the following relation can be obtained by
making mass balance on butanol in the electrode -electrochemical cell assembly
Kred )nK~ d feed,eq ),k(feed,eq J'34
final dffion feed,eq + d )(fnal3D final dffusion diffusion
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Similarly, the final mass fraction that would result based on both diffusion and oxidative
effects, Xfinal, can be obtained from the following relation
K red ( /(D (Xfed,eq #(feed,eq nL
Xfinal = Xfeed,eq w + K "(xpnaI )d(XfinaI)nL
The experimentally measured value of average final concentration of butanol, Xpnallexpt, in
the electrolyte equal to 0.010 matches well with the theoretically calculated value Of Xfnal
equal to 0.011. However, the value of Xfina1diffusion is nearly 90% of the value of xl,11expt
indicating that oxidative effect is less important than the diffusive effect. This is apparent
from the bar graph in Figure 3-61.
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Figure 3-61 Plot showing the increase in the mass fraction of butanol in the water in the
electrochemical cell upon oxidation of the redox polymer electrode. The experimentally
measured value is compared with the theoretically expected value based on equation
(3.42). The calculated value of mass fraction of butanol as per equation (3.41) that would
result due to diffusion alone without any oxidative effects has also been plotted.
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(3.42)
A quick look at the results indicate that the oxidation of butanol may not be
important for releasing the absorbed butanol, but a closer examination of the result
indicates otherwise. Dividing the expressions in equation (3.41) by the expressions in
equation (3.42), one obtains
Xfinal diffusion w + K7 (xfinal )(xfinl)nL
x final w + Kid fn diffusion /(Xfinal diffusion
If the electrochemical cell is smaller than or of the same order of magnitude as the second
term(s) in the numerator (and denominator) in the right hand side of equation (3.43), then
under the assumption p : 6 (justified by the plot of p, oin Figure 2-10 in chapter 2) the
equation in (3.43) simplifies to
inai diffusion K X)i (3.44)
Xtinai Kd(Xtnai )dzfusion
From the plot of the distribution coefficient of butanol in the reduced state and the
oxidized state for HBMA-VF-6 gel, it is clear that K" is nearly 25% of the value of
K d. Hence, if the volume of the electrolyte that the redox polymer electrode is brought
in contact with is made smaller, the relative significance of release of butanol due to
oxidation of the gel increases. Hence, any separation process based on the change in the
distribution coefficient of butanol between the HBMA-VF gel and the liquid phase upon
oxidation of the ferrocene moieties in the gel must be designed so as to ensure that the
mass of electrolyte is of similar order of magnitude as the mass of the gel used for
making the electrodes.
3.5 Summary and conclusions
The discussion in this chapter focused on the preparation and characterization of RPEs.
Redox polymer with the composition found in chapter 2 to be optimum was used for
making the RPEs. Five strategies have been employed in this project to prepare RPEs.
The strategies can be broadly classified into two categories-those which make use of
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surface functionalities on conducting substrates and those that do not. Conducting
substrates, namely CB and CP, were made to undergo suitable chemical treatment to
enable the grafting of redox polymer on their surface using the 'grafting from' and the
'grafting to' approaches. In addition, electrodes belonging to the latter category were
prepared by impregnating carbon fiber mat with redox polymer gel and also by
depositing a functionalizable polymer on the surface of a substrate via iCVD to allow the
subsequent grafting of redox polymers. In the multi-step techniques for preparation of
RPEs, step-by-step characterization of the product(s) obtained after each reaction step
was carried out to ascertain the success of each step.
The electrochemical characterization of the electrodes by CV confirmed a one-
electron reversible redox reaction attributable to the ferrocene moieties in the polymer.
Moreover, the redox polymer attached to the electrodes was found to be chemically and
electrochemically stable over time. Multiple, successive CV scans resulted in overlapping
voltammograms confirming that the electrochemical activity was not lost. The affinity of
the polymer for butanol was confirmed by the observed increase in the current response
as the butanol content of the electrolyte was increased. Diffusion was the rate controlling
step for the redox reaction taking place at the electrodes. More detailed investigation of
the diffusion mechanism using the Blauch-Saveant model showed that two different
mechanisms, bounded diffusion and electron hopping, controlled the rate of diffusion of
electrons in the polymer film. It was concluded that in electrodes having uncrosslinked
redox polymer chains both these mechanisms played an important role in determining the
magnitude of the current, with bounded diffusion dominating at low ferrocene
concentration regime and electron hopping dominating the high ferrocene regime. In
contrast, the electrodes prepared using cross-linked polymer chains had a significantly
low contribution of bounded diffusion resulting from the severely hindered polymer
chain mobility.
Of the five different kinds of electrodes prepared using the techniques described
in this chapter, only the electrodes obtained by impregnating CP with redox polymer gel
had sufficient redox polymer 'loading' to induce measurable change in the butanol
concentration by extraction of butanol from butanol-water solution. The measurements of
butanol concentration made during the extraction of butanol carried out using these
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electrodes and the subsequent release of butanol upon the oxidation of the ferrocene
groups in the gel were in complete agreement with the experimentally obtained
Kj and K" values obtained for the redox polymer gel and reported in chapter 2. This
confirmed that electric potential could be used to reduce the preferential selectivity of
polymer made up of HBMA and VF leading to release of absorbed butanol into the
electrolyte.
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Chapter 4
MODELING OF BUTANOL SEPARATION SYSTEM
4.1 Introduction
The goal of this research project is to develop a continuous separation system to separate
butanol from aqueous fermentation broth such that the separation system when integrated
with a fermentation reactor can be used to control the butanol concentration in the broth
to a value lower than the critical value beyond which product inhibition does not allow
any further butanol production. The redox responsive polymers synthesized in chapter 2
and the electrodes prepared in chapter 3 based on these polymers were shown to have
preferential selectivity for butanol in the reduced state and lower selectivity in the
oxidized state. The ability of a separation system based on these polymers to control the
butanol concentration in the reactor is of primary interest to us in this project. This
chapter gives a detailed overview of the several different alcohol separation technologies
discussed in literature and proposes a design of a continuous separation system based on
the redox polymer electrodes prepared in this project. A theoretical study involving
calculations and model simulation to evaluate the separation that can be achieved using
such a separation system forms the core of this chapter. Different modes of operation,
viz. batch and continuous, and different models of separation system, viz. CSTR model
and COMSOL@ model, have been discussed in this chapter, and their ability to control
the butanol concentration in the fermentation reactor they are integrated with during
continuous operation have been explored in the following sections of this chapter.
4.2 Background
4.2.1 Existing techniques for separation of alcohol from fermentation broth
4.2.1.1 Mode of operation of the separation process
The technologies for the separation of the primary constituents of fermentation broth,
namely alcohol and water, can be operated in one of the following three modes. The first
option is to recover the alcohol at the end of the fermentation process. This process has
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been called the 'end-of-pipe' mode of operation and is particularly useful when
fermentation is carried out in a batch mode. The second mode of operation is called the
'slip-stream mode', and it refers to the use of the separation process to remove alcohol
from the fermentation broth while the fermentation is ongoing. The alcohol depleted
stream is recycled back to the reactor to continue the fermentation reaction. This mode of
operation is specifically useful in overcoming the problem of product inhibition that
alcohol fermentation suffers from, and increasing the productivity of the bioreactor. As is
apparent, the end-of-pipe mode should ideally result in one stream with very high
concentration of alcohol, the product stream, while the other residual stream should have
very little alcohol content to minimize loss of the product. If this is difficult to achieve, it
has been shown to be advantageous to combine a slip-stream mode in sequence with an
end-of-pipe mode, as is shown schematically in Figure 4-1. Operation in this combined
mode minimizes the loss of product in the residual stream as the stream fed to the
separation process operating in the end-of-pipe' mode is an output from an upstream
separation process and already has a lower alcohol concentration.
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Figure 4-1 Schematic description of different modes in which separation systems can be
operated for recovery or dehydration of alcohol water solutions [1]
4.2.1.2 Preconditioning of the fermentation broth before it enters the separation
process
The fermentation broth which is fed to the separation process should be preconditioned to
increase the efficiency of the separation achieved. The preconditioning may involve
controlling the temperature of the broth and/or removing those constituents of the broth
which may cause problems to the separation process. Temperature of the broth is an
important control parameter. The temperature up to which the broth can be heated
depends upon the presence of micro-organisms in the broth. Those separation processes
which operate at higher temperatures necessitate the removal of the micro-organisms by
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processes such as centrifugation and microfiltration. It is more difficult to remove the
enzymes and proteins in the broth which may get deactivated at higher temperatures.
Hence, most separation processes which require the use of elevated temperatures are run
in the 'end-of-pipe' mode.
4.2.1.3 Current technologies for recovery and dehydration of alcohols from
fermentation broth
Fermentation broth has two primary constituents- alcohol and water. At each of the
various stages of the separation the broth passes through before pure alcohol is obtained,
the relative composition of the alcohol and water in the broth differs. The broth coming
out from the reactor usually has low concentrations of the alcohol. At this stage it may be
advisable to use separation process which separates or recovers the alcohol from the
broth. As may be easy to imagine, the output of such a separation process would produce
one stream of high alcohol concentration. If the concentration is high enough, and
consequently the concentration of water is low enough, a separation process downstream
may find it easier to dehydrate the stream to obtain pure alcohol. Most of the technologies
in use currently for the separation of alcohol-water solutions can be used both for alcohol
recovery and dehydration, depending upon the process conditions. Since the technology
developed as part of this research project is an alcohol recovery technology, a review of
the various technologies is presented in this section when they are used for the recovery
of alcohol. An account of the technologies for dehydration of alcohol-rich streams is
presented at the end of the section.
(i) Distillation
Distillation has been the traditional method for the removal of alcohol from dilute
aqueous fermentation broth [2]. There are several reasons for this. Distillation can be
used to get a high (99+%) recovery. It offers a great scope for heat integration when
operated at a large scale making it energy efficient at that scale. Moreover, it is by far the
most studied separation process because of its widespread use in petroleum refining. This
makes the setting up of a distillation plant and variation of operating parameters to
improve the separation efficiency easier.
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Distillation of alcohol-water solutions to obtain concentrated alcohol-water solution
is possible because of the difference in the relative volatility of alcohol, like ethanol and
butanol, and water. However, both ethanol and butanol form azeotropes with water at
certain concentration. A 95.6 wt% ethanol-water solution is an azeotropic solution, while
butanol forms an azeotrope with water at 55.5wt% [3]. The use of conventional
distillation to separate azeotropic mixtures is a challenge which is one reason why
alternative techniques for recovery of alcohol from fermentation broth are desired. A
distillation column does not scale down well, and its energy requirements far outweigh
the simplicity of its operation if separation of alcohol from a dilute fermentation broth is
desired.
Currently, for obtaining pure ethanol from the fermentation broth, a combination of
distillation and water removal by molecular sieves is used. This is possible because the
azeotropic composition of ethanol-water solutions, which is the maximum concentration
that can be achieved by conventional distillation, has very little water making it possible
to remove it by adsorption. In the past, ternary distillation using benzene as an entrainer
was used. But the discovery of benzene's carcinogenic nature has limited its use. Butanol,
on the other hand, has a finite solubility of 7.7wt% in water, unlike ethanol which is
miscible with water. Thus, the azeotropic solution obtained from a distillation column can
be phase separated and the butanol rich phase, having butanol concentration greater than
the azeotropic concentration, can be further purified in a downstream distillation column,
while the water rich phase can be recycled back to the upstream distillation column. The
distillation system for ethanol and butanol separation from the fermentation broth is
schematically shown in Figure 4-2.
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Figure 4-2 Schematic diagram of set-up of distillation columns for the separation of (a)
ethanol, and (b) butanol from aqueous fermentation broth [1]
(ii) Gas stripping
Gas stripping involves the preferential transfer of one component of a liquid stream into a
gas stream it is brought in contact with, followed by, typically, cooling of the gas stream
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to condense the extracted liquid. A schematic is presented in Figure 4-3. Other techniques
of removing the extracted constituent from the gas stream involve adsorption, absorption
in an extractant liquid among others. It has been shown to be effective in recovering
alcohols from fermentation broth [4-28]. The technique can be used for in-situ recovery
of alcohol by bubbling the gas through the contents of the reactor. It can also be used in
either 'slip-stream' mode or the 'end-of-pipe' mode. Carbon dioxide produced during
fermentation can be used as the stripping gas. Other options for the stripping gas are inert
gases.
The temperature at which the stripping is carried out has a strong influence on the
amount of alcohol extracted. Higher extraction has been observed at higher temperatures.
Moreover, the degree of cooling in the condenser determines the amount of alcohol
which can be obtained. Both, the heating of the stripping gas before it contacts the
fermentation broth and subsequent cooling to condense the alcohol require energy.
Energy is also needed for the continuous blowing of the gas through the stripper. Not a
lot of attention has been paid to the heat integration opportunities in a separation system
based on gas stripping for alcohol recovery from fermentation broth. However, the
energy requirements of the condenser can be minimized if steam is used as the stripping
gas. Since steam stripping does not involve cooling an incondensable inert gas, the
condenser can operate at a higher temperature, and multi-step condensation system can
be used to remover the bulk of water vapor and give a concentrated alcohol solution.
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Figure 4-3 Schematic of separation of alcohol by gas stripping [I]
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(ii) Adsorption
When the transfer of the alcohol from the liquid fermentation broth takes place to a solid
material, the process is known as adsorption. The 'loaded' adsorbent material is removed
from the column and heated to remove the adsorbed material. This process is shown
schematically in Figure 4-4. Hydrophobic zeolites with a ZSM-5 structure and with a
high silicon-aluminum elemental ratio have been shown to be successful in adsorbing
alcohol ([18,29-34]). Activated carbon and activated carbon molecular sieves have also
shown alcohol selectivity [30,31]. Bowen and Vane [35], and Bui et al. [30] have shown
a silicon zeolite to 80wt% ethanol when contacted with 5wt% ethanol-water solution with
a separation factor of 76. Higher separation is expected in the case of butanol extraction.
However, the concentration of alcohol in the stream obtained on carrying out
desorption of the saturated adsorbent material is less than the concentration on the
adsorbed surface because of liquid entrapment between the extractant particles which
dilutes the desorbed product streams. Also, since alcohol, water and other constituents of
the fermentation broth may compete for sorption sites, fouling has been reported to be a
big issue [18]. Holtzapple and Brown [33] computed the energy requirement of ethanol
extraction by adsorption to be 13.4MJ/kg of ethanol. Similar calculations for butanol
extraction have yielded a figure of 9MJ/kg of butanol [18].
Loading Cycle I Regeneration Cycle
Feed (liquid or vapor) 1
C069 .MEsre
Treated uguld or Vapor Het
Figure 4-4 Schematic of separation of alcohol by adsorption [1]
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(iv) Membrane separation and pervaporation
The selective passage of alcohol in the fermentation broth through a hydrophobic
membrane is another technique employed for alcohol recovery. The separation can be
enhanced by applying vacuum or a gas purge to the permeate side of the membrane. This
process is called pervaporation and is schematically shown in Figure 4-5. The use of
pervaporation for separating alcohol from aqueous solutions has been widely studied and
reviewed [1,36]. Alcohol-water separation factors of the order of 50 have been reported
for separation using the pervaporation process [37]. The most commonly used material
for making alcohol selective membrane ahs been poly(dimethyl siloxane), or PDMS.
PDMS impregnated on a porous poly(tetrafluoroethylene) support has also been used to
make such membranes [38]. Membranes made from poly[1-(trimethylsilyl)-1-propyne]
has received significant attention for showing properties better than PDMS membranes
[39-43]. Zeolite materials used for making adsorption sieves have also been used for
making membranes.
Pervaporation, although widely studied, has not been used a lot at a commercial
scale as it suffers from certain limitations, like low energy efficiency and high capital
cost requirements. Moreover, analysis of integration and synergy of the pervaporation
system with the fermentation reactor needs to be carried out to further strengthen the case
of its use for alcohol recovery.
Pervap Recycle Discharge
Figure 4-5 Schematic of separation by pervaporation [37]
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(v) Liquid-liquid extraction
Liquid-liquid extraction, or solvent extraction, involves, as the name suggests,
preferential removal of alcohol from the fermentation broth into another solvent phase.
The principle of operation is similar to gas stripping and adsorption wherein the
fermentation broth is contacted with the extractant material, in this case the liquid
solvent, and mass transfer of the alcohol of interest takes place from the broth to the
solvent. The solvent can be regenerated by using processes, like vacuum flash
vaporization, distillation, membrane separation, etc., to remove the alcohol in pure form
or in a highly concentrated solution. The separation process is schematically shown in
Figure 4-6. A large variety of solvents have been shown to be effective alcohol
extractants including long chain alcohols, esters, and alkanes.
Solvent extraction has been found to be one of the most attractive technologies for
alcohol recovery. The ability of extraction to be carried out at fermentation broth
temperature is highly desirable. Energy is required primarily for regenerating the solvent.
Boudreau and Hill [44] estimated the energy requirement for the extraction of ethanol
using nonanoic acid to be 3.1 MJ/kg of ethanol when the solvent was regenerated by using
a vacuum flash regeneration unit. Similar calculations for extraction of ethanol using
other solvents have resulted in values between 4 and 10 MJ/kg of ethanol [45]. However,
the process suffers from problems like solvent toxicity and emulsification of the solvent
in the fermentation broth. Hence, careful selection of solvents which have high selectivity
for alcohol, and also have other desirable characteristics like ability to phase separate
with water, non-toxic for the micro-organisms in the broth, and volatility characteristics
different from the alcohol being extracted should be carried out.
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Figure 4-6 Schematic of separation by liquid-liquid extraction [1]
4.2.1.4 Alcohol dehydration technologies
The amount of allowable water in the alcohol to be used as fuel is governed by
government standards. The ASTM specification is 1 vol% while the European Union
standard is 0.3 wt% [1]. The challenge lies in obtaining alcohol with such little amount of
water. The separation technologies that can be used to achieve this remain the same,
although the extractant material and/or the operating conditions need to be appropriately
changed when the goal is to remove trace amounts of water in the alcohol feed.
The most commonly used process in use currently is the use of dehydration by
adsorption of water on hydrophilic molecular sieves. Some zeolites also use size
exclusion to preferentially adsorb water molecules. Addition of a third component, like
benzene and ethylene glycol, to alter the VLE behavior of alcohol-water solutions may
allow the use of distillation to obtain the alcohol with high purity. Membranes made of
hydrophilic materials like poly(vinyl alcohol), chitosan, polyimide, etc. have been shown
in literature [29,46-56] to be very effective in separating small amount of water from
alcohols. Separation using these membranes can be carried out in a continuous manner
which makes their use more favorable than the use of molecular sieves. Liquid-liquid
extraction has not been explored for dehydration of alcohols containing small amount of
water.
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4.3 Description of continuous separation system proposed
The present work proposes to employ the redox responsive polymers, which have
selectivity for butanol when the redox moieties are uncharged and the selectivity
decreases on charging the redox groups, developed as part of this project to design a
separation system which can be integrated with a fermentation reactor to allow
continuous removal of the butanol that is produced. The conceptual scheme of the
separation system is explained in this section of the chapter.
The separation system proposed would consist of conducting substrates
impregnated or coated with the redox polymer of interest to form redox polymer
electrode (RPE). The electrodes will be stacked vertically separated from each other by a
finite gap to form a channel through which liquid can be flown past the electrodes. The
electrodes will be connected to the terminals of potential source via a switch. The
position of the switch will be used to control whether the electrode is connected to the
positive terminal of the potential source or the negative. Overall, at any instant of time
half of the electrodes will act as anodes, having positive polarity, while the remaining
half will act as cathodes, having negative polarity. The arrangement of the electrodes will
be such that electrodes with opposite polarity will be next to each other. The RPEs thus
arranged will form the skeleton of the separation system.
Fermentation broth from the reactor will be continuously removed and the
resulting stream will be made to pass through the separation system in order to lower its
butanol content. The butanol-depleted stream exiting the separation system will be then
recycled back to the reactor to continue fermentation. The butanol-rich stream entering
the separation system will be split into multiple smaller streams, and each of these
streams will be flown past the cathodic RPEs which have the redox polymers in the
reduced state. Because of the high preferential affinity of the polymer for butanol in the
reduced state, the polymer on the electrode will extract butanol, and, thereby, lowering
the concentration of butanol in the stream flowing next to the electrode. When the
polymer on the electrode is saturated with butanol, the flow of fermentation broth over
the RPE will be stopped, and the polarity of the RPE will be reversed to allow the
oxidation of the redox moieties in the polymer. The oxidized polymer having lower
preference for butanol will release the butanol extracted from the fermentation broth into
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the stripping solution that would be made to flow in the channel next to the RPE in the
oxidized state. Thus, over one cycle of being connected to the negative terminal of the
potential source and then the positive terminal, the RPE can be used to extract butanol
from the fermentation broth and release it into an aqueous stripping solution.
This separation process will be made continuous by extraction of butanol from the
fermentation broth by the cathodic RPEs, with simultaneous release of butanol into the
stripping solution by the anodic electrodes. Once the polymer on the cathodic RPEs is
saturated with butanol, and the oxidized polymer has released all of the extracted butanol,
the polarities of the set of electrodes will be reversed, the flow of the fermentation broth
and the stripping solution redirected into the channels next to the new cathodes and
anodes respectively and the separation continued in a continuous cyclical manner. The
separation system is shown schematically in Figure 4-7
Alcohol-depleted Alcohol-depleted Stripping
recycle stream recycle stream solution
Stripping
solution
Hydrophobic Hydrophilic
reduced gel oxidized gel
Electrode polarity
~--~_ reversed
Fermentation
reactor
Alcohol-rich Alcohol-rich
fermentation broth Filter Alcohol-rich fermentation broth Alcohol-rich
stripping solution stripping solution
Figure 4-7 Schematic diagram showing the design of separation system proposed in this
project to carry out continuous separation of alcohol from the fermentation broth
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4.4 Modeling of separation system
4.4.1 Batch extraction
4.4.1.1 Description of batch separation process
The redox polymer gel developed in this project can be used to design a batch process for
the extraction of butanol from butanol-water solution and then release the extracted
butanol into a stripping medium of choice. The process would involve bringing a gel in
the reduced state in contact with a butanol rich fermentation broth. After equilibrium
distribution of butanol and water between the gel phase and the liquid supernatant phase
is achieved, the supernatant with reduced concentration of butanol, because of the
extraction by the gel, is removed and replaced by the stripping medium, water. At this
point, the gel is oxidized either chemically or electrically to cause the release of butanol
from the gel. The process is schematically shown in Figure 4-8.
EXTRACTION STRIPPING
Oxidation
Equilibrate Equilibrate
GEL SATURATED SATURATED REGENERATED
GEL GEL GEL
FEED FEED REMOVED AFTER STRIPPING MEDIUM STRIPPING MEDIUM AFTER
BUTANOL EXTRACTION BUTANOL EXTRACTION
Figure 4-8 Schematic of the mode of operation of a batch separation process based on
redox polymer gel having preferential selectivity for butanol in the reduced state and
reduced preference for butanol in the oxidized state
4.4.1.2 Derivation of expressions
(i) Extraction of butanol from feed solution by the gel in the reduced state
Consider a redox gel of unit mass which is brought in contact and allowed to equilibrate
with a solution of butanol in water. Let the initial mass fraction of butanol in the liquid
phase be denoted by xini, and the mass of the liquid phase be denoted by . Let the mass
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of the gel increase by a fraction p when equilibrium is attained. Since the amount of
solvent uptake by the gel is a function of the butanol content of the liquid phase, p8 will be
a function of the mass fraction of butanol in the liquid phase. If at equilibrium the mass
fraction of butanol inside the gel and in the liquid is denoted by xgeleq and Xfeedeq, then
carrying out mass balance on butanol before and after extraction by the gel results in the
following expression.
Xi,,7 = Xfeed,eq (7 - P(Xfeedeq)) +Xgeleq/Xfeedeq (4.1)
It is important to note here that the mass fraction of butanol inside the, xgeleq, is defined
on a gel mass free basis, i.e. both inside the gel and in the liquid phase, the mass fraction
of butanol refers to the mass of butanol divided by the sum of mass of water and butanol
in that phase. Moreover, if the equilibrium distribution coefficient of butanol between the
gel and the liquid phase is denoted by K<D then
K reed X gel (4.2)K d feed 
'feefeed
Substituting Xgel,eq in terms of K<D and Xfeedeq in equation (4.1) and rearranging, we get
Xfeedeq =x,i red (4.3)
f7+ Pfeed,eq ){ Kd (Xfeedeq 1
The expression for Xfeedeq derived above can be used to calculate the butanol content of
the feed after extraction by the gel. The value obtained by using this expression denotes
the maximum possible separation that can be achieved at equilibrium as the derivation
ignores kinetic or any other kind of limitations.
(ii) Release of butanol into the stripping solution by the gel in the oxidized state
If the gel saturated with butanol (mass fraction of butanol inside the gel on a gel-mass
free basis is Xfeedeq) is removed from the butanol rich feed phase, immersed in pure water
having mass 6, and the gel is oxidized, by the virtue of decreased preference of the gel for
water in the oxidized state, a fraction of the butanol initially present inside the gel will be
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released into the water phase, thus enriching it in butanol. If the mass fraction of butanol
inside the oxidized gel when it reaches equilibrium with the water phase be denoted by
xgeloxeq, the mass fraction of butanol in the water phase be Xsfrip,eq, and the mass of the gel
after equilibrating with the stripping water be a fraction 6 greater than its dry weight then
carrying out mass balance on butanol in a manner analogous to the extraction case results
in
Xge1,eq/l(Xfeedeq Xgeoxeq (Xstripeq) + Xstripeq(O + 8(Xfeedeq - 5 (Xstripeq)) (4.4)
Substituting Xgeleq in terms of Xfeedeq, K d , and Xgel,,eq, in terms of Xstrip,eq, K'
respectively, we get
) Iripeq :::::: Xfedpq xfeed,e, )Kd (ed~ 45
strip ,eq fee,e, [ strip,eq )(Kx (X ,-1) + p(Xfeed eq
4.4.1.3 Results and discussion
The non-linear equations derived in the previous sub-section were solved in MATLAB as
a function of the parameters in the equation. The results are discussed in this sub-section.
(i) Effect of gel properties on separation
The properties of the gel which affect its ability to extract butanol in the reduced state and
release it into a stripping medium on oxidation are its preferential selectivity for butanol
and its capacity. The selectivity can be measured in terms of the distribution coefficients
of butanol between water and the gel phase in reduced and oxidized state (K D and
KDx), while the capacity can be measured in terms of fractional increase in the gel's
weight on solvent uptake when it is in the reduced and the oxidized state (p8 and b). The
experimentally measured values of these parameters have been plotted in Figure 2-10 in
chapter 2. To investigate the effect of the value of these parameters on the extraction and
release, the experimentally measured values of Kd, K"X, and p were multiplied by a
factor m with values equal to 0.5, 1, 1.5 and 2 and the equations which model the batch
separation process were solved. The values of the parameters were changed in sequence
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and the values of the remaining parameters were kept equal to what had been measured
experimentally. The values of 7 equal to 1 and 0 equal to 10 were used to obtain these
results.
The extraction by the gel was measured in terms of the percentage decrease in the
mass fraction of butanol in the supernatant when allowed to equilibrate with the redox
polymer gel. As the value of K'd and p were increased, more and more butanol was
found to get extracted from the aqueous phase into the gel. This is clearly shown in
Figure 4-9(a) and (c). The trend is in agreement with the expectation because a high value
of Kj, represents higher affinity of the gel for butanol and a gel with higher value of p
would induce a larger change in the concentration of the supernatant by taking up more
solvent. Moreover, since the value of K'd increases with increasing butanol
concentration in the feed, more extraction was achieved in the case of feed with higher
butanol content. In contrast, the lower the value of K"<, more desirable it would be
because it would result in the release of more butanol from the swollen gel in the reduced
state in to the stripping medium when the gel is oxidized. This expectation was confirmed
by the results shown in Figure 4-9(b) wherein the stripping solution becomes more and
more concentrated with butanol as KO" is reduced due to the consequent enhancement of
release.
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Figure 4-9 (a) Plot showing the variation of the percentage decrease in the mass fraction
of butanol in the feed during extraction for different values of Kgd ; (b) plot showing the
variation of the percentage of butanol in the original feed (in terms of mass) not released
from the gel upon oxidation for different values of Kj"; and (c) plot showing the
variation of the percentage decrease in the mass fraction of butanol in the feed during
extraction for different values of gel capacity, pt.
(ii) E ffect of operating parameters on se paration
The two operating parameters involved in extraction of butanol from its aqueous solution
and its release into an aqueous stripping solution are y, the ratio of the mass of the feed to
the dry mass of the redox gel, and 0, the ratio of the mass of the stripping solution to the
dry mass of the gel. The batch extraction studies were carried out to measure equilibrium
swelling and, therefore, time taken for butanol and water to partition between the two
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phases was not considered. The experimentally determined values of the gel's material
properties, Kid , K,", and pl, plotted in Figure 2-8 and Figure 2-10 were used in the
simulations. The results are shown in Figure 4-10. The fractional changes in the mass and
mass fraction of butanol in the feed were found to decrease as the value of y was
increased. This is because the capacity for butanol of unit mass of polymer gel is fixed.
When the gel extracts butanol from the feed it is contacted with, the change in the
concentration of butanol in the aqueous phase it causes by extracting butanol is greater
for smaller mass of the feed. By the same argument, the greater is the mass of the
stripping solution more would be mass of butanol that would have to be released from the
gel on oxidation to effect a change in the mass fraction of butanol in the supernatant so as
to satisfy the equilibrium partition ratio. This results in less and less of the extracted
butanol remaining inside the gel on oxidation at higher values of 0 (Figure 4-11 (a)).
However, higher values of 0 results in more dilute solutions of butanol in the stripping
medium (Figure 4-11(b)). Hence, if obtaining a concentrated solution of butanol in water
is the goal, the separation system should be carried out with small 0 although it may
result in a larger fraction of butanol remaining inside the gel.
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Figure 4-10 Plots showing the percentage decrease in the (a) mass fraction, and (b) mass
of butanol after extraction for different values of y as a function of the initial butanol
content in the feed
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Figure 4-11 (a) Plot showing the variation of the percentage of butanol extracted by the
gel which is not stripped off upon the oxidation of the gel for different values of 0. (b)
Plot showing the mass fraction of butanol in the stripping solution after the gel oxidation
for different values of 0
4.4.2 Continuous separation system
Integrating a separation system that can operate in the continuous mode with an alcohol
fermentation reactor offers the advantage of removing alcohol from the broth as it is
produced and, thereby, preventing the fermentation to stop because of product inhibition.
The design of a continuous separation system integrated with a fermentation reactor
proposed in this project was schematically shown in Figure 4-7.
An alcohol fermentation reactor can be modeled as a continuously stirred tank
reactor (CSTR). Let the rate of production of alcohol be denoted by P. Since the product
inhibition effect of alcohols is well known and if all other variables affecting the rate of
production are held constant, then
P = P(x1 ) (4.6)
where xj denotes the concentration of alcohol in the well-mixed reactor at any given time.
The design equation of such a CSTR can be written down as
= 2 - X1 + (4.7)
dT p
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where X2 is the mass fraction of the alcohol in the recycle stream, r, is the residence time
of the reactor, p is the density of the reaction medium (assumed constant), and T denotes
the dimensionless time defined as t/r.
Researchers who have studied the product inhibition effects in the fermentation
process used for producing butanol have found that the rate of production of butanol can
be obtained by using the following expression for the dependence of P on the mass
fraction of butanol in the broth [57,58].
P(x) = P I 1- (4.8)
Xcrit
where Pop is the optimum rate of production of butanol, found experimentally to be equal
to 4.6g/L.h, x is the mass fraction of butanol in the fermentation broth, and Xcrit is the
critical value of butanol mass fraction in beyond which butanol completely inhibits its
own production, found experimentally to be equal to 0.0 17.
(i)Order of magnitude analysis of fermentor operating equation
The orders of magnitude estimation of the different variables in the operating equation of
the fermentor, equation (4.7), namely X1, X2, T, P and p, can be used to obtain important
information about the magnitude of the residence time needed for the operation of the
reactor. In the discussion that follows, '~' sign is used to denote an equality of the orders
of magnitude of the quantities on either side of the symbol.
It has been noted that product inhibition completely stops the further production
of butanol when the mass fraction of butanol in the broth exceeds 0.017. Thus, it can be
claimed that
X1 X2 ~ 0-01 (4.9)
Since the rate of production of butanol, P, is not a constant but a function of the butanol
concentration, the order of magnitude of P can be obtained by calculating the average
value, (P), over the entire range of x.
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P opt{x dx
(P) = i -- -=1.5-g (4.10)
f dx3
0
The density of the fermentation broth, p, is nearly equal to that of water while time has
been non-dimensionalized using rl to make its order of magnitude equal to unity.
p ~1000 kg (4.11)
m
T ~ 1 (4.12)
It is easy to see that since xj, X2~ 0.01, the term on the LHS of equation (4.7) and the first
two terms on the RHS of the equation have order of magnitude equal to 0.01. For the rate
of production to be of similar order of magnitude as the rate of change of the rate of
change of concentration of butanol in the reactor, all terms in the reactor must have
similar magnitudes. Thus, it can be claimed that
~ 0.01 (4.13)
p
or,
1000 kg
r ~ 0.01x P 0.01x m3 ~ 24000s (4.14)
(P) 1.5 g
Lgh
As has been mentioned, the performance of a fermentation reactor can be
improved by coupling it with a continuous separation system. The rate of butanol
production and the concentration of butanol in the broth, the primary variables of
importance in the operation of a reactor can be obtained by solving the operating equation
of the fermentation reactor along with the equation or system of equations characterizing
the separation system. The equations describing the separation system, in turn, are
dependent on the model chosen to describe the system. This study has chosen to model
the continuous separation system developed as part of this work in two different ways-
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first as CSTR to provide a simple model the equations of which can be solved
analytically under some special conditions, and using discreet element modeling to
simulate the actual separation that takes place when a butanol rich stream flows past a flat
electrode coated with polymer gel. These different approaches and the results obtained
using them are discussed in the remaining part of this section.
4.4.2.1 Separation system modeled as a CSTR
Modeling of the separation system as a CSTR assumes a well-mixed separation unit with
the concentration inside the separation system equal to that of the stream exiting it to be
recycled back to the reactor. This set-up is schematically shown in Figure 4-12.
Alcohol-depleted
recycle stream
Mass fraction of
butanol =x2
Alcohol-rich
fermentation broth
Mass fraction of
Fermentation butanol = x
reactor
Filter
Figure 4-12 Schematic showing the set-up of a continuous butanol separation system
modeled as a CSTR integrated with butanol fermentation reactor to overcome the effect
of product inhibition
To derive the equation that can be used to model the CSTR separation system, let
us assume the separation system to be made up of redox polymer gel of dry weight equal
to Mg. Let the flowrate of fermentation broth from the reactor to the separation system be
F. It is assumed that the extraction of butanol by the gel results in negligible change in
the flowrate of the recycle stream. This assumption is justified because the butanol
content of the broth is very low, of the order of l wt%. Let the mass fraction of butanol in
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the solvent absorbed by the gel be denoted by xg. If the volume of the fermentation broth
brought in contact with the gel is V, and the fractional increase in the mass of the dry gel
due to the uptake of the fermentation broth is denoted by p, which is a function of the
mass fraction of butanol in the broth X2, then the equation obtained by carrying out mass
balance around the separation unit is
dx dx
F[xi-X 2] -1(X 2 )Mg PV= p 2 (4.15)dt dt
Since the butanol in the gel phase is in equilibrium with the butanol in the broth, we can
relate X2 and xg using the equilibrium distribution coefficient between the polymer gel in
the reduced state and the liquid fermentation broth by
Xg = Krdx 2  (4.16)
Substituting xg in terms of X2 from equation (4.16) into equation (4.15) and rearranging
the terms, we get
PV ±M Kd +X2 X1 -X2 (4.17)
F F dt
or,
2  [XI -x2] (4.18)
dT 
- 2
where rz is the residence time of the broth in the reactor, and
r2 ' P + K-djj (4.19)T2 F F,
t
and T - as defined previously. It is to be noted that both p and K D are functions of
the butanol concentration in the broth, X2.
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The variation of butanol concentration in the integrated fermentation reactor-
separator system can be obtained by solving the coupled differential equations (4.7) and
(4.18). The non-linearity of the differential equations arising from the dependence of
various system parameters on x, and X2 does not allow one to obtain an analytical solution
to the problem. These equations were, therefore, solved numerically in MATLAB@ and
the results are discussed here. Also, for a simplified case, analytical solution was obtained
assuming average values of all the parameters and, thereby, getting rid of their
dependencies on x1 and x2. The results, obtained using this approach, are discussed as
well.
(i) Analytical solution of coupled differential equations describing the reactor and the
separator
The equations describing the change in the concentration of butanol in the reactor and in
the separator, as derived earlier, are
dx1  r1P(x1) (420di = X2 - X1 + TIX)(4.20)
dT p
and
-= -' [xI - x 2 ] (4.21)
dT r2
To allow the analytical solution of the differential equation, it was assumed that the rate
of production of butanol, and the value of r2 were not functions of the butanol mass
fraction. The value of P was chosen equal to (P) as calculated in equation (4.10).
Multiplying equation (4.21) by V2  and adding the resulting equation to equation (4.20),
we get
d x+2,) = (4.22)
dT T , p
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Integrating both sides of equation (4.22) with respect to T with the initial condition given
by
at T = 0, x, = x,,, and x2 = Xinit (4.23)
we obtain
rjP r
x1 = xj,, + T -2 (x2 - Xuni, (4.24)
p T1
When the expression for x, obtained in equation (4.24) is plugged back into equation
(4.21), a differential equation purely in terms of X2 is obtained which has the form
w2 +C2 =A+BT (4.25)dT
where
A ~ ~ ~ 2 I -x+,+y, ; - +L (4.26)A 2lxlnt + X 2,init ;B .1P; Cl+ j (4.26
If at this stage, it is assumed that all the parameters in equation (4.25) have constant value
and are not functions of x2, then the equation can be integrated analytically using
integrating factors to obtain x2(T). This expression for x2(T) when plugged back into
equation (4.24) results in the expression for x;(T). The final expressions obtained in each
case are as presented in equations (4.27) and (4.28).
X ) AC-B) B T+X AC-B x(C)4.7x2(T) =j 2 Bj+-T +jxf,, - A 2B jexp(-CT ) (4.27)2C C 2nt C
and
r1P T
x,(T)= xni,+ - T -T2(x 2 (T)- -x2 ,,,) (4.28)
p T1
The expressions obtained above are valid at all times for reactor and separator with any
time constant, rz andr2. The only assumption involved in the derivation is that the system
parameters are not functions of the butanol concentration in the stream.
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The solution of the analytical expressions obtained for xi(T) and x2(T) were
plotted for the set of parameter values presented in Table 4-1. The variation of x, and x2
with T are shown in Figure 4-1.
Table 4-1 Value of parameters used for obtaining the analytical solutions of x; and X2 as
function of dimensionless time, T
Parameter Parameter Description Value used in simulation
Residence time in the fermentation reactor 24000s
2400s, 24000sResidence time in the separation system .spasimlais(mn separate simulations)
P Average rate of production of butanol 1.5g/L.h
Mass fraction of butanol in the reactor at
xlint T=00
Mass fraction of butanol in the separator at
Xzina TO=0
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005
0
0 2 4 6 8 10
Time (x10 4s)
(a)
0 2 4 6 8 10
Time (x10 4s)
(b)
Figure 4-13 Plots of mass fraction of butanol in the fermentation reactor as a function of
time when (a) r, = =r2 24000s; (b) rl = 24000s, r2 = 2400s
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The results showing the variation of the concentration in the fermentation reactor and the
separator (both modeled as CSTRs) showed that if the rate of production of butanol is
assumed constant, and thereby product inhibition effect is ignored, then the concentration
of butanol in the fermentor would increase with time monotonically. The separator can
successfully lower the butanol concentration in the stream from the fermentor, as is
reflected in the concentration in the separator being lower than the concentration in the
fermentor. However, the difference between the mass fraction of butanol fed to the
separator and the mass fraction of butanol in the stream that is recycled back from the
separator to the fermentor is higher for larger separators. In other words, separators with
large time constants extract more butanol and, therefore, cause a larger lowering of the
butanol concentration in the butanol rich stream.
(ii) Numerical solution of coupled differential equations describing the reactor and the
separator
The analytical expressions derived in the last sub-section offer a neat way of presenting
the results. However, to obtain these results, assumptions regarding the invariance of the
system parameters with butanol concentration had to be made. This limitation was
overcome by carrying out numerical solution of the equations (4.20) and (4.21) in
MATLAB@. The analytical expression for P(xj), as presented in equation (4.8) was used
in the simulation. To evaluate r2 as defined in equation (4.19), the experimentally
obtained values of p and Kj (presented in Figure 2-8 and Figure 2-10 ) were used as
PVinputs while the value of the average residence time in the separator, , was varied.
F
The ratio of the mass of the gel to the mass flowrate of the stream from which butanol is
to be extracted was chosen as one. The values of the parameters used in the simulation
are summarized in Table 4-2. The variation of X1, X2 with time is presented in Figure
4-14.
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Table 4-2 Value of parameters used for obtaining the analytical solutions of x, and X2 as
function of time, T
Parameter Parameter Description Value used in simulation
2-1 Residence time in the fermentation reactor 24000s
s Residence time in the separation system 2400s,24000s
F (in separate simulations)
M9 Ratio of mass of gel to mass flowrate of
F butanol rich fermentation broth
Mass fraction of butanol in the reactor at
x 1,ia T=O
*2, init Mass fraction of butanol in the separator atT=O
2 4 6
Time (x10 4s)
8 10
0.02
0.015
0.01
0.005
0
0 2 4 6
Time (xl0s)
(a) (b)
Figure 4-14 Plots of mass fraction of butanol in the fermentation reactor and the
separator as a function of time obtained by numerical solution of the differential
equations when (a) residence time in the separator, pV, /F =24000s; (b) pV, /F =2400s
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The results obtained by the numerical solution of the differential equations (4.20) and
(4.21) are clearly different from those obtained by the analytical solution. The analytical
solution makes several assumptions to allow the derivation of the final expression. The
numerical approach makes no such assumptions. Since the product inhibition effect in the
rate of production of butanol is taken into account by using the expression for P from
equation (4.8), the mass fraction of butanol in the fermentation reactor never exceeds the
critical value of 0.017. However, the general trend obtained in the case of analytical
solution to the equations was found to hold even in the case of the numerical solution.
Larger the residence time in the separation system (P ), greater is the separation
F
achieved. This is clear from the large difference in the concentration of butanol in the
pVfermentor and the separator when PS =-24000s (Figure 4-14(a)) while the same
F
difference becomes small when the residence time is reduced by a factor of 10 (Figure
4-14(b)). It should be noted here that the way the model equations have been set-up imply
that the separator is not being operated cyclically. Thus, once the gel in the separator is
saturated with butanol no further extraction of butanol takes place. However, if the gel on
getting saturated was to be regenerated by stripping it of the absorbed butanol, and then
reused for extraction, the separation system could be used to maintain the concentration
of butanol in the reactor to a lower value. This approach is discussed in the next section.
4.4.2.2 Separation system modeled in COMSOL®
The separation system described in section 4.3 aims to use redox polymer gel attached to
an electrode for the extraction and release of butanol from the fermentation broth. As
discussed earlier, the separation process will involve the flow of the butanol rich
fermentation broth past a flat electrode coated with the polymer gel and the diffusion of
butanol from the flowing broth medium into the redox polymer gel. Once the gel gets
saturated with butanol, water may be flown next to swollen gel as a stripping medium,
the gel is oxidized to result in the diffusion of butanol from the gel into the stripping
solution. A schematic diagram showing the separation system integrated with a
fermentation reactor was shown in Figure 4-7.
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To estimate the separation that can be achieved using the separation system and
study the effect of the material properties and operating parameters on the separation, the
convective transport of butanol next to the gel coated electrode and the diffusion of
butanol into the gel during extraction and out from the gel during stripping was modeled
using finite element modeling. The finite element model was developed and implemented
using commercially available software, COMSOL@.
(i) Description of extraction model set-up
The transport of butanol taking place in the separation system was studied in two
dimensions by representing the gel coated electrode as a rectangle of thickness Agei and
length L and the channel as another rectangle of thickness 2W and length L. The gel and
the channel share a common boundary or interface through which transport of butanol
from the fermentation broth into the channel takes place. Laminar fully developed flow,
with average velocity uzavg, of the fermentation broth is assumed in the channel. This set-
up is shown schematically in Figure 4-15.
OUTLET
CHANNEL
Cch
uc
I I m
A gel 2W
z
INLET
X chm
Figure 4-15 Schematic showing the physical meaning of the parameters in the
COMSOL@ model to simulate the flow of butanol rich fermentation broth past an
electrode coated with gel
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As shown in the Figure 4-15, if an axis parallel to the direction of flow is referred to as
the 'z-axis' and an axis perpendicular to the flow direction pointing towards the gel is
referred to as the 'x-axis', then the primary modes of butanol transport in the channel are
convection along the z direction and diffusion along the x and the z directions. Inside the
gel, convective flow is absent, and transport of butanol takes place by diffusion along the
two directions. The differential material balance equations used to study the mass transfer
taking place in the system with the appropriate boundary and initial conditions are
specified below.
Conservation equation in the channel: -
ch + ch = D 2 ^ +c"h (4.29)
at u z x2 8z2
where
3 x-W 2_
u,(x) =-u, 1_ (4.30)
2 W
Initial condition in the channel.-
At t--0, cc = ch
',Lch - ch
Boundary conditions in the channel:-
At x= Cgel -red
Cch
x=2W, cch =0
Dx
Z=0, Cch - ch,inlet
z=L, convective flux out of the channel
Conservation equation in the gel:-
gel= Dge ' + gel (4.31)
Dt D22 Dz2
Initial condition in the gel:-
At t-0,' C, = cocAtun tyctgi igel
Boundary conditions in the channelk-
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At x=O, Cgel= A red
Cch
x=-Agel, DCg' = 0
ax
z=0, gel 08z
ac
z=L, gl = 0
az
In the equations and expressions presented above, Cch and CgeI denote the concentrations
of butanol in the channel and in the gel respectively on a mass fraction basis, c" and c"
denote the mass fraction of butanol in the channel and the gel respectively at the
beginning of the simulation, Cch,inlet denotes the mass fraction of butanol in the
fermentation broth entering the reactor. D is the diffusivity of butanol in the aqueous
fermentation medium, Dgei is the diffusivity of butanol in the gel, W is the half channel
width, Agel is the thickness of the redox polymer gel used for the separation, and L is the
length of the channel.
The boundary condition used at the interface of the gel in the reduced state and
the channel denotes the equilibrium that exists between the two phases. The ratio of the
mass fractions of butanol in the gel phase to that in the aqueous phase has been said to be
equal to Zred making Zred look equal to the distribution coefficient used previously in this
chapter, Ked. However, there is a subtle difference in the definition of Zred and Kd. 2 red
differs from Kgd the way mass fraction of butanol in the gel phase is calculated. If mass
fraction of butanol in the gel phase is defined as the ratio of mass of butanol to the mass
of the solvent absorbed by the gel, then this value of mass fraction when divided by the
equilibrium mass fraction of butanol in the fermentation broth would give the equilibrium
distribution coefficient calculated on a gel mass free basis, K d . Alternatively, if the
mass fraction of butanol inside the gel is calculated by dividing the mass of butanol in the
gel by the total mass of the swollen gel and if this value of mass fraction was divided by
the mass fraction of butanol in the fermentation broth, one would arrive at the
250
equilibrium distribution coefficient calculated on a gel mass included basis, Ared The
relationship between Aed and K d is derived below.
IButanol
red Cgel mButanol muWater+ Dry gel /Gel phase
Cch Butanol
( mButanol +m Water ) Broth phase
Butanol
Butanol Water Gel phase ImButanol + mWater
_ Butanol mButanol mWater + MDry gel Gel phase
mButanol +mWater /Broth phase
K rd where, p=fractional increase in the mass of dry gel r Butanol +mWater
8+1Dry gel Gel phase
(4.32)
This system of equations was solved in COMSOL as an initial value problem to obtain
the concentration at all mesh points in the channel and the gel and the average
concentration in the stream leaving the channel at time points of interest for different sets
of values of the operating parameters and the material properties of the system.
(ii) Variation of extraction with material properties and operating parameters
The solution to the model described above requires the input of a set of parameter values.
This set of parameters can be further categorized into two smaller distinct sets-one
containing those parameters the values of which were not varied during the course of the
simulations, and the other containing the parameters which were varied to investigate the
effect on the extraction achieved. The parameters belonging to the second category can
be potentially used for helping improve the extraction efficiency by guiding the choice of
suitable material and/or operating conditions
The diffusivity of butanol in an aqueous medium has been reported in literature to
be 5.6x 10 10m2/s [59], and this value was used in simulations. The thickness of the gel
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used in all of the simulation was 100ptm. This value was arrived at by measuring the
thickness of the gel layer on the redox polymer electrode obtained by impregnating
carbon paper with polymer gel. The length of the separation channel, L, was also fixed at
4x 10~3m, while the flow velocity through the channel was varied to estimate the effect of
residence time on separation. It was assumed that at the beginning of the extraction step,
the channel was filled with water with very little butanol, i.e. c' =0, and the gel having
been stripped in the preceding stripping step had no butanol, i.e. co =0. The values of
these parameters, summarized in Table 4-3, were kept constant in all simulation runs.
Table 4-3 Description and values of parameters kept constant during the model
simulation to determine the effect of material properties and other operating parameters
on the extraction achieved in the continuous separation system
Parameter Parameter Description Value used in simulation
co Mass fraction of butanol in the liquid in 0
ch the channel at the beginning of extraction
Mass fraction of butanol in the gel at the 0
c gel" mitbeginning of extraction
D Diffusivity of butanol in water 5.6x 10~ 0 m2/s
Age; Thickness of gel 100plm
L Length of channel 4x 10~3m
The values of other parameters were varied and the effect on extraction
ascertained. To best obtain the effect of change in one particular variable, the only change
made was to the value of that variable while the values of the other variables were kept
unchanged at default values. The default values of the variables are listed in Table 4-4.
a. The mass fraction of butanol in the fermentation broth exiting the reactor and
entering the separator,c' , would vary from 0 (at reactor start-up) to 0.017
(beyond which product inhibition prevents butanol fermentation). Extraction was
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measured at values of c' = 0.004, 0.008, 0.012, and 0.016. It was found that the
fractional change in the mass fraction of butanol is independent of the mass
fraction at the inlet over the range of values for which the simulation was run.
This can be clearly seen in Figure 4-16(b) in which the curves representing the
fractional change in the mass fraction versus time overlap completely
b. The diffusion of small molecules like butanol in polymer gels is known to be
hindered in comparison to diffusion in bulk solvent like water. Values of
diffusivity of butanol in polymer gel, Dgei, were chosen to be smaller than the
experimentally determined value of butanol diffusivity in water. Values of Dgei
used in the simulation were 5x10 0m2/s, 1x100mI2/s, 5x10-"m 2/s, and 1x10-
"m2/s. The default value was chosen to be 1 x 1 0' 0m2/s. The results are plotted in
Figure 4-16(c). The area under the curves, a measure of the moles of butanol
leaving the separator without getting absorbed by the gel, when calculated show
that the extraction is higher for higher values of diffusivity of butanol in the gel.
However, the difference in the extraction achieved is small over the range of
values of Dgei from 5x 10-0 m2/s to 5x10-"m 2/s. The extraction is significantly less
at lower values of Dgei.
c. The values of equilibrium distribution coefficient, Ared, to be used in the
simulation were calculated from the experimentally determined equilibrium
distribution coefficients, Ked, and gel's solvent uptake, p. The average value of
Ared over the entire range of mass fraction of interest to the fermentation process
was calculated to be 2, which was chosen as the default value. Simulations were
also run for values of Ard equal to 0.5, 1 and 4. As can be seen from Figure
4-16(d) and as would be expected, the amount of butanol extracted by the gel
increases as the value of 2 red increases since a higher value of 2 red indicates higher
preference for butanol in the polymer.
d. The residence time in the channel,, was varied by changing the average flow
velocity. The default value was calculated to be 100s by estimating the diffusion
time-scale inside the polymer gel A, ID,. Simulations were also run with
residence times of 50s and 200s. Longer residence times result in more extraction,
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and consequently, lower concentration of butanol in the exiting stream (Figure
4-16(e)). Longer residence times can be achieved by having either longer
channels or slower flow rate through the channel. Increasing residence time
comes at a trade-off. Both longer channels and slower flow rate would result in
increased material costs since the mass of polymer gel that will have to be used
will be higher in the former case while the number of channels will have to
greater in the latter case.
e. The width of the channel next to the polymer gel through which fermentation
broth is made to flow is an important determinant of the separation. Channel as
wide as the gel, i.e. 2W=Agei=l00 jm, was used as the default while simulations
were run for different channel thicknesses of 50gm, 200pm and 400pm to
estimate its effect on extraction. As the channel thickness was reduced, more
extraction was achieved (Figure 4-16(f)). Here again, there is a trade-off involved.
Narrower channels have a smaller throughput necessitating the need for more
number of channels, and driving up capital costs. Using channels as wide as the
thickness of the gel, though difficult to implement practically, allowed significant
butanol extraction at good flow rate.
Table 4-4 Description and the values of the parameters used to determine the sensitivity
of the extraction model to the parameter values
Values used to determine the effect of
Parameter Parameter Description Default value change in the variable on extraction
C ch,inlet Mass fraction of butanol in the 0.012 0.004, 0.008, 0.012, 0.016fermentation broth entering the separator
10 2 10 -10 11II 11 2
D gel Diffusivity of butanol in the gel 1x10 m/s 5x10 , 1x10 , 5x10 , 1x10" m/s
red Equilibrium distribution coefficient when 2 0.5, 1, 2,4
gel is in reduced state
Uz avg Average flow velocity in the channel 4x10-5m/s 2x10-5, 4x10-5, 8x10-5, 4x10-4 m/s
2W Width of the channel 100pm 50, 100, 200, 400 pm
254
I I I I I I
No extracion
Gel used for extraction
I I I I l |
0 200 400 600 800 1000
Time (s)
(a)
D=1x10-"m2/s
b=5x(10 "m%/
-
D5=5x111"mS
0 =1x10"m%1
0 200 400 600 800 1000
Time (s)
(c)
T= 1 |0S
-
I
0 200 400 600
Time (s)
800 1000
1
0.8
0.6
0.4
0.2
0
1
0.8
0.6
0.4
0.2
0
I I 1 I |
-0 004. 0 008 0 012,0 016
0 200 400 600 800 1000
Time (s)
(b)
0 200 400 600 800 1000
Time (s)
(d)
I | | I
- 2W=2A-
2W=4A,.
2W=A /
-W-
0 200 400 600
Time (s)
800 1000
(e) (f)
Figure 4-16 Variation with time of the mass fraction of butanol in the butanol rich feed
stream at the exit of the separator as a fraction of the mass fraction at the inlet for (a) the
case of no separation versus separation using gel coated electrodes; (b) different values of
the inlet butanol mass fraction, c'h ; (c) different values of the diffusivity of butanol in the
gel, Dgel; (d) different values of the equilibrium distribution coefficient of butanol
between the gel phase and the aqueous phase, res; (e) different values of the residence
time in the separator, -r and (f) different values of the channel thickness, 2W
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(iii) Description of stripping model set-up
The separation process proposed in this thesis can be operated in a continuous manner by
flowing butanol rich fermentation broth next to electrodes with gel in the reduced state to
allow the polymer gel to extract butanol preferentially. The fermentation broth would be
replaced by fresh water as the medium flowing next to the gel once it is saturated with
butanol and the gel would be oxidized to strip the butanol from the gel into the water.
This has been described in detail in section 4.3. A COMSOL@ model to simulate the
stripping step was developed similar to the model for the extraction step. The equations
governing the transport of butanol in the channel and inside the gel (equations(4.29) and
(4.31)) remained unchanged. However, the values of initial conditions and the boundary
conditions were appropriately changed to reflect the conditions during stripping. The
ratio of mass fractions of butanol in the gel in the oxidized state to that in the stripping
solution at equilibrium was changed to V" where V4 is related to K" by a relation
similar to the relation between Ad is related to K ed . The changed boundary condition at
the interface between the gel and the channel containing stripping medium is shown
below.
At x=O, e = A"O where A"' = K f
Cch
where 6 is the fractional increase in the mass of dry gel when oxidized.
This system of equations was solved in COMSOL@ as an initial value problem to obtain
the concentration at all mesh points in the channel and the gel and the average
concentration in the stream leaving the channel at time points of interest for different sets
of values of the operating parameters and the material properties of the system.
(iv) Variation of stripping with material properties and operating parameters
The COMSOL@ model developed to study the stripping step was analyzed by varying
the material properties and operating parameters. Properties and parameter values that are
not design variables were kept constant through all simulation runs, while the other
256
parameters that can be modified to improve the stripping efficiency were varied. To
estimate the effect of the change in the value of one particular variable on stripping, the
remaining values were kept constant at default values as was done during the study of the
extraction process.
The diffusivity of butanol in water, Dgel, the thickness of the gel, Agel, and the
length of the channel, L, were kept constant in all simulations for the reasons explained in
the previous sections. The goal of the stripping step is to remove as much butanol
extracted by the gel such that the gel is regenerated to continue extraction over the next
cycle. To allow the maximum transfer of butanol from inside the gel to the stripping
solution, the difference in the concentration between the gel and the stripping medium
was kept at its maximum value by using pure water as the stripping medium in all the
simulations, i.e. c'?h =0. In addition, the diffusivity of butanol in the gel, Dgel, was fixed at
1xl0~1m2/s as it was concluded from the extraction simulations that the difference in
extraction achieved when Dgei was varied from 5x 10-10 to 5x10-"m 2/s was minimal. The
values of these variables are summarized in Table 4-1
Table 4-5 Description and values of parameters kept constant during the model
simulation to determine the effect of material properties and other operating parameters
on the stripping achieved in the continuous separation system
Parameter Parameter Description Value used in simulation
Mass fraction of butanol in the
C ch,inlet stripping medium entering the 0.012
separator
D Diffusivity of butanol in water 5.6x10' m 2/s
D ge; Diffusivity of butanol in gel 1x10-0 m2/s
Age; Thickness of gel 100pm
L Length of channel 4x10-3m
The effect of the other variables on the concentration of butanol in the stripping
medium is discussed below.
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a. The initial concentration of butanol in the liquid present in contact with the gel at
the start of stripping was varied and simulations were run for cch,init=0, 0.006,
0.012. It was found that the time taken for a large fraction of butanol in the gel
initially to be released into the stripping solution was independent of the initial
butanol content in the liquid in the channel. This can be observed in Figure
4-17(a). The ideal case for stripping would involve the presence of no butanol in
the channel at the start of the step, the default value of cch,init was chosen as 0.
b. The effect of initial butanol content of the gel was ascertained by carrying out
simulations for cgeIinit=0.008 , 0.016 and 0.024. It was observed that the stripping
solution was enriched more in the case when it was contacted with gel containing
more butanol. However, the ratio of the mass fraction of butanol in the channel at
any time, Cch, to Cgel,init was found to be constant, as can be seen from Figure
4-17(b). The default value of cgelinit was chosen as 0.024 since this value
corresponded to a gel saturated during extraction with a stream of butanol
containing fermentation broth having Cch,init0.012 , the default value chosen
during the extraction simulations.
c. The most important effect that was studied was the effect of change in distribution
coefficient of the polymer gel on oxidation. A lower value of distribution
coefficient in the oxidized state would result in easier and faster stripping as
affinity of butanol in the stripping medium would be higher than inside the
oxidized gel. This expectation was confirmed by running simulations for V"=0.2,
0.4, 0.8 and 1.0. The results are plotted in Figure 4-17(c). The default value was
chosen equal to 0.4 to match the experimentally obtained value for the HBMA-
VF gel synthesized in this project.
d. Residence time of the stripping medium was varied by changing its average
velocity. Higher residence times resulted in a higher concentration of butanol in
the stripping solution. The values of uzavg were chosen so as to result in residence
times, r, of 10s, 50s, 100s, and 200s. The value of uzavg which would result in
residence time of 100s was chosen as the default value since the characteristic
diffusion time for butanol in a 100pm thick gel with Dgei is 100s. The results are
plotted in Figure 4-17(d)
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e. The width of the channel next to the polymer gel through which stripping solution
is made to flow is an important determinant of the average concentration of
butanol in the stripping medium at the end of stripping. Channel as wide as the
gel, i.e. 2W=Age1=100pm, was used as the default while simulations were run for
different channel thicknesses of 50tm, 200pm and 400pm to estimate its effect
on extraction. As the channel thickness was reduced, the average butanol
concentration in the stripping solution was found to increase (Figure 4-17(e)).
Table 4-6 Description and the values of the parameters used to determine the sensitivity
of the extraction model to the parameter values
Values used to determine the effect of
Parameter Parameter Description Default value change in the variable on extraction
Mass fraction of butanol in the liquid in 0 0, 0.006, 0.012
c~h the channel at the start of stripping
c Mass fraction of butanol in the gel at 0.024 0.008, 0.016, 0.024
the start of stripping
2 Equilibrium distribution coefficient 0.4 0.2, 0.4, 0.8, 1.0
when gel is oxidized
U zavg Average flow velocity in the channel 4x lO-5M/s 2x10-5, 4x 10-5, 8x10-5, 4x10-4 m/s
2W Width of the channel 100pm 50, 100, 200,400 ptm
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Figure 4-17 Variation with time of the mass fraction of butanol in the stripping stream at
the exit of the separator as a fraction of the mass fraction of butanol in a stream which is
in equilibrium with a gel saturated with butanol for (a) different values of the inlet
butanol mass fraction in the stripping stream, ch ; (b) different values of the mass
fraction of butanol in the gel, cgeini,; (c) different values of the equilibrium distribution
coefficient of butanol between the oxidized gel phase and the aqueous phase, 2V; (d)
different values of the residence time of the stripping solution in the separator, r, and (f)
different values of the channel thickness, 2W
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(v) Simulation of butanol concentration in the fermentor with continuous butanol removal
using the separation system
To maintain the butanol concentration in the reactor at a value less than the critical value
at which the fermentation process is completely inhibited, the fermentation reactor may
be connected to a separation system which can be used to continuously remove butanol
from the fermentation broth. Such a separation system should be able to release the
extracted butanol into a stripping medium. Higher the concentration of butanol in the
stripping medium after release by the separator, more desirable it would be as it would
lead to lowering of the costs of downstream separation processes to obtain pure butanol.
Hence, the factors which dictate the design of the separation system are:-
a. Ability to remove butanol from the butanol rich broth to result in an alcohol
depleted stream which can be recycled back to the reactor.
b. Ability to release extracted butanol into a stripping medium to result in a higher
concentration.
c. Practical limitations of channel width, residence time, etc. and cost of capital for
making the separation system and operating costs.
Keeping these considerations in mind, a choice was made regarding the design and
operating parameters of a separation system a model of which (in COMSOL@) was
integrated with a model of the fermentor (in MATLAB) to simulate the variation of
butanol concentration in the fermentor as a function of time. Another factor which
dictated the choice of some parameters, like the length of the channel, was the
computation time and processor power needed to solve the equations in the COMSOL
model. The values of the various parameters chosen for the simulation are discussed next.
Values of parameters in the simulation model
The optimum design and operating parameters of the separation system were arrived at
by studying the separation achieved for different values of the parameters. Since the goal
was to optimize the performance of the separation system based on the redox polymer gel
developed in this project, the values of some system properties were kept fixed at the
experimentally obtained values. Thus, the thickness of the gel on the electrode, Agei, was
set at 100pm in the simulations as it reflected the thickness of the gel on the electrode
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obtained by impregnation of carbon paper. Partitioning of butanol between the liquid
phase and the gel in the reduced and oxidized states was calculated using the
experimentally determined values of Xred and Xe" of 2 and 0.4 respectively. The
diffusivity of butanol in the gel, Dgel, is expected to be less than the diffusivity in water
based on results in literature of small molecule diffusion in polymer gels. The parameter
sensitivity study carried out did not show a significant change in the extraction behavior
for values of Dgei ranging from 5x 1 m I2/s to 5x10~"m2/s. A value of 1x10 Om2/s was
used for Dgei in the simulations. The residence time of the fermentation broth in the
channel, r2, was set equal to the diffusive time scale in the gel which in turn was equal
to A 2 /D =1 00s .The residence time in the reactor, rz, was 24000s as obtained in
equation (4.14). The average flow velocity in the channel should be such so as to ensure
that the Peclet number for the flow is much greater than one to neglect the diffusive
fluxes at the entry and exit of the channel. For a fixed residence time, in this case 100s, a
higher flow velocity would mean a longer channel. The values of the computation time
and the processor memory required to simulate a longer channel are higher. Keeping this
trade-off between the Peclet number and computation time in mind, the flow velocity in
the channel was chosen to be equal to 4x 10-5m/s and the channel length equal to 4x 10-3m.
Thinner channels would result in more extraction but would be difficult to implement
practically. Thus, channel thickness, 2W, was set equal to the thickness of the gel,
Age--100pm.
Mode of operation of the separator
Based on the results obtained for the variation of butanol concentration at the outlet of the
channel with time (plotted in Figure 4-16(b)), the extraction half of the separation and
release cycle was started with gel in the reduce state (connected to negative terminal of
the potential source) and in contact with pure water in the channel. Fermentation broth
from the fermentor was flown in the channel for 400s by when the concentration of
butanol at the outlet is 80% of its value at the inlet and the gel was nearly saturated with
butanol. At this stage, the flow of fermentation broth in the channel was stopped and the
stripping step started. The channel was flushed with pure water as the stripping solution
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for 100s. At the end of 100s, the flow of the stripping solution stopped and the electrode
to which the gel was attached was connected to the positive terminal of the potential
source allowing the ferrocene moieties in the gel to get oxidized. The oxidation was
assumed to be instantaneous. The butanol from within the gel matrix was released into
the water which filled the channel for the next 200s. Thereafter, a total of 300s from the
beginning of the stripping step, the channel was flushed with water for another 100s at
the end of which the flow of water was again stopped and the gels were reduced by
changing the polarity of the electrode to repeat the cycle of extraction in the reduced state
and stripping in the oxidized state over and over again.
Calculation of the concentration of butanol in the reactor as a function of time
The initial value differential equation obtained by mass balance of butanol in the reactor,
-
x2 ~xi + rP(xl) (4.33)
dT p
was solved numerically in MATLAB with the following initial conditions
X=0= x2 at time T =0
Since the duration of the extraction half of the cycle chosen as 400s was two orders of
magnitude smaller than the residence time in the reactor, r1=2.4x 104s, pseudo steady
assumption was used for the determination of x2 as a function of x1 . At any time, for a
given value xj, the value of X2 as a fraction of the value of xj was obtained by
interpolating the value from the plot of the ratio of concentration at the outlet to the
concentration at the inlet with time (Figure 4-16(b)). Since the gel was reduced and
oxidized every 400s, the time used for interpolating the value from the curve was
obtained by determining the remainder when the time at which the value of X2 was
desired was divided by 400. The value of X2 thus obtained was used for solving the
differential equation (4.33).
The variation of the concentration of butanol in the reactor obtained as a solution
of the differential equation (4.33) when the separator is modeled in COMSOL@ is plotted
in Figure 4-18. The figure also contains the variation of the concentration if the
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fermentation reactor was operated in the batch mode without product removal, in which
case the butanol concentration in the broth increases up till the critical concentration of
x1=0.0 17 after which no further production takes place. The use of the separation system
based on redox polymer gels can be seen to be successful in controlling the value of the
concentration in the reactor to a value of x=0.014 which is nearly 20% less than the
critical value of butanol concentration. The steady state mass fraction of butanol in the
fermentor equal to 0.014 translates into a steady production rate of 1.5g/L.h of butanol in
the reactor as per equation (4.8). These results show that integrating the fermentation
reactor with a continuous separation system would enable the operation of the reactor to
produce butanol at a constant rate.
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Figure 4-18 Mass fraction of butanol in the fermentation reactor when the reactor is
integrated with a continuous separation system (modeled in COMSOL@) and when there
is no product removal
Calculation of the concentration of butanol in the stripping medium
If the stripping of butanol from the saturated gel is carried out as described in the mode of
operation of the separation system, the stripping solution obtained at the end of the 400s
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long stripping half of the separation cycle was calculated to have a butanol content of
80% of the average value of butanol in the fermentation broth entering the separator
during the extraction half of the cycle preceding the stripping step. This clearly does not
lead to a stripping medium with a higher concentration of butanol than the fermentation
broth, but by carrying out the separation one would not only have diminished the product
inhibition effects but also separated butanol from the other components of the
fermentation broth.
4.4.2.3 Comparison of separator modeled in COMSOL@ with a separator modeled as a
CSTR and operated cyclically
The control of the mass fraction of butanol in the reactor achieved by using a continuous
separation system based on the redox gel attached to electrodes and modeled in
COMSOL@ was compared to the case when the separator is modeled as a CSTR, with
the residence time in the separator kept equal to the residence time in the COMSOL@
model, and the CSTR separator operated cyclically such that fresh gel is brought in
contact with the alcohol rich stream at the end of every 400s. The fractional change in the
mass fraction of the inlet stream that would result because of the extraction in the
separator can be evaluated by solving the differential equation (4.18) describing the
separation in the separator. Under pseudo steady state approximation (xi remains
constant), the differential equation can be solved analytically to result in the following
expression for the variation of X2 with time.
x2 =X1 r1-exp -T (4.34)
t
where T = -.
The ratio of the mass fraction at the outlet of the separation system to the mass fraction at
the inlet, x2/xJ, is plotted in Figure 4-19 as a function of time. To allow comparison, the
ratio of the concentration at the outlet to that at the inlet which results when the
separation system is modeled as flow in a channel next to redox gel using COMSOL@
has also been plotted.
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Figure 4-19 Plot of the mass fraction of butanol in the stream at the exit of the separator
as a fraction of the mass fraction at the inlet when the separator is modeled in
COMSOL@ and as a CSTR
The area under these curves denotes the total butanol in the exit stream. For the same
time duration, the area under the curve when the separator is modeled as a CSTR is
clearly larger than the case when it is modeled in COMSOL@. Hence, it is expected that
the reduction in the concentration of butanol in the fermentor that a CSTR separator
would cause would be less than what would be caused by the separator described in
section 4.4.2.2. If the CSTR model of the separator is integrated with the equation
describing the rate of change of butanol concentration (equation (4.33))in the
fermentation reactor and the separator is operated in cycles of 400s then the butanol
concentration in the reactor as a function of time would vary as shown in Figure 4-20.
The plot shows that the steady state mass fraction of butanol in the fermentor would be
close to 0.0 162. The perturbations in the plot are due to the stiff nature of the differential
equations and have been minimized to the extent possible by using ode23s ODE solver in
MATLAB. The steady state butanol mass fraction when the separator is modeled as a
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CSTR is 5% lower than the critical butanol concentration of 0.017 beyond which no
further butanol production is possible. Clearly, the low extraction ability of the CSTR
model is reflected in the higher butanol concentration in the reactor (in comparison to the
steady state concentration obtained using the COMSOL@ model) and, therefore, lower
rate of butanol production of 0.42g/L.h. The simplistic CSTR model fails to capture the
large separation that can be produced when the alcohol rich fermentation broth is flown
next to electrodes coated with redox gels.
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0 product removal
E 0.010 Fermentor integrated with
"," @continuous separation system
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continuous separation system
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Figure 4-20 Mass fraction of butanol in the fermentation reactor when the reactor is
integrated with a continuous separation system (modeled in COMSOL@), when the
reactor is modeled as a CSTR, and when there is no separator for product removal
4.4.2.4 Conclusions
The results obtained from the simulation of the continuous separation system based on
the redox polymer gel coated electrodes in COMSOL@ prove that the design of the
separation system proposed can be used to effectively control the butanol concentration
in the reactor. Simulation results obtained from a simplified model of the separation
process which describes the separation system as a CSTR also indicate that the butanol
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concentration in the reactor can be controlled. The simplified model, although
computationally easy to simulate, under-predicts the reduction in the butanol
concentration.
4.5 Summary and conclusions
This chapter described the separation that can be achieved using a separation system
based on the redox polymer gels developed in this project. Different models and modes
of operation of the separation systems were discussed. The simplest model involved the
use of the redox polymer gels in a batch process to separate butanol from the feed and
then release the extracted butanol into a stripping medium upon oxidation. It was found
that more the butanol content of the fermentation broth, higher was the separation.
Moreover, the separation measured in terms of percentage decrease of mass fraction of
butanol in the feed was predictably higher if the distribution coefficient of butanol
between the gel and the aqueous phase, and the capacity of the gel for butanol were
higher. Separation was, also, greatly influenced by the ratio of the mass of the feed to the
mass of the gel, y, and the ratio of the mass of the stripping solution to the mass of the
gel, 0. As y and 0 decreased, there was found to be a consequent percentage decrease in
the butanol concentration in the feed and the enrichment of the stripping solution
respectively. These results suggested that the efficacy of the separation system in
achieving higher percentage reduction in the mass fraction of butanol in the feed could be
enhanced by reducing the mass of the feed a unit mass of the gel is brought in contact
with. Similarly, using smaller volume of the stripping solution was found to result in a
stream with higher butanol content.
The continuous operation of the separation system was analyzed using different
models. A simplified model was developed assuming the separation system could be
described as a CSTR. The simulation results showed that the butanol concentration in the
reactor could be better controlled using a larger separator (or alternatively a separator
with longer residence time). The most interesting results were obtained by modeling the
continuous flow of fermentation broth over redox polymer electrodes and estimating the
consequent separation in COMSOL@. It was found that designing such a separation
system having flow channel width equal to the thickness of the gel coated electrode and
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operating it in cycles of 800s (extractive, reduction half for 400s and stripping, oxidation
half of 400s) could be used to achieve a steady state concentration of butanol in the
reactor. The steady state concentration was found to be 20% lower than the critical value
of mass fraction equal to 0.017 beyond which butanol completely inhibits its production.
The results obtained in this chapter prove that the separation system proposed in
this project, described in detail in section 4.3, can be successfully integrated with an
actual butanol fermentation reactor to partially overcome the product inhibition effects.
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Chapter 5
PhDCEP CAPSTONE PAPER:
ASSESSMENT OF BIO-BUTANOL'S POTENTIAL AS
THE NEXT GENERATION GASOLINE BLEND IN USA
5.1 Introduction
The pace of human development is faster today than it has ever been in the past. This
remarkable development is being fueled - both literally and figuratively - by various
sources of energy. As the biggest economy in the world, and as arguably the foremost
driver of this growth, the US energy needs have increased dramatically too, increasing
threefold over the past six decades (Figure 5-1) [1].
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Figure 5-1 Change in demand for energy in the US from 1950 to 2010, and how the
demand is being met through domestic production, imports and exports [1].
To meet the rising energy demand, the US has traditionally relied on fossil fuels. Non-
fossil fuel sources of energy, like renewable and nuclear energy, have begun to play a
role only recently and still contribute only a tiny fraction of the total energy demand
(Figure 5-2) [1]. The consumption of energy in the US has outpaced the production of
energy making the country increasingly reliant on OPEC countries, with many of which
the US does not have favorable diplomatic relations, for import of fossil fuels, primarily
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crude oil. Moreover, the finiteness of fossil has created concerns about the possibility of
prices of fossil fuels skyrocketing in the near future as the world starts running out of
these fuels. These two factors have given a strong push in the US to look for alternative,
renewable sources of energy which can be produced domestically.
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Figure 5-2 Contribution of different energy sources in meeting US energy demand [1].
Close to 30% of the energy in the US is consumed in the transportation sector.
Nearly all of this currently comes from fuels produced from petroleum (Figure 5-3) [1].
Out of ~14M barrels of petroleum products that were consumed daily in the US in 2007-
08 for transportation, close to 9M barrels per day was consumed in the form of gasoline
(Figure 5-4) [1]. Given the high consumption of gasoline, efforts to decrease reliance of
the US on petroleum by carrying out domestic production of renewable energy must
focus on the development of products which can reduce the dependence on gasoline as a
transportation fuel.
Though there exists a variety of sources of renewable energy that can be produced
domestically in the US, biomass has been the primary source of renewable energy for the
transportation sector accounting for almost all of the 922 trillion BTU of the energy in the
transportation sector derived from renewable sources in 2009 [1]. The use of biomass to
produce biofuels for the transportation sector has shot up over the last decade as can be
seen from the data presented in Figure 5-5. More than 95% of the transportation energy
from biomass came in the form of bio-ethanol which is primarily used as a blend with
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gasoline [1]. However, recently there is talk about the potential use of another fuel, bio-
butanol, derived from biomass as a blend for gasoline [2].
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Figure 5-3 (a) Total energy consumption in the US by sector; (b) breakdown of energy
demands of different sectors by supply source [1].
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Figure 5-4 (a) Sector-wise daily consumption of petroleum based products in the US; (b)
consumption of different petroleum based products in the US [1].
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Figure 5-5 Increase in energy derived from biomass for use as a transportation fuel in the
US from 1989 to 2009 [1].
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5.1.1 Bio-butanol
Bio-butanol is the alternative name for 1-butanol obtained from fermentation of biomass
using a process somewhat similar to the process used for production of bio-ethanol.
Although the production process has been known for long and researchers have been
exploring its use as a biofuel for a few decades now [3], it is only recently that bio-
butanol has caught the attention of the mass media [4]. The reason for the coverage in
media recently has been the entry of a number of commercial players in the butanol
production space. Most well-known among these are Butamax (a joint venture between
British Petroleum and DuPont), Gevo Inc., and Cobalt Technologies. Because of the
recent increase in the number of companies interested in commercialization of bio-
butanol, and because bio-butanol possesses a number of qualities which, at face-value,
give it an edge over bio-ethanol, some argue that the fuel may replace bio-ethanol as the
biofuel of choice in the transportation sector in the coming years [5].
5.1.1.1 Need for critical examination of the market potential of bio-butanol as a
gasoline blend
The success or failure of any product in the market depends on a number of factors
beyond the attractive qualities that the product may possess. One can find numerous
examples of excellent products failing to make a mark in the market. And there exist
equally numerous examples of average or sub-par products becoming market leaders.
Although early research talks about the attractive qualities of bio-butanol, there is a need
to dig deeper and critically examine what is needed for a fuel to succeed as the next
generation biofuel to become the leader in the gasoline blend market, and whether bio-
butanol has got what is needed to succeed. To make a case for or against bio-butanol, the
arguments need to be supported by hard quantitative data in addition to the qualitative
description of the positives. With so much riding on bio-butanol in terms of investments
in research and development and investments in newly formed companies, this kind of an
analysis is critically needed to guide future bio-butanol commercialization activities. The
impact of such a study will extend beyond bio-butanol in determining the direction in
which the entire biofuel market may be headed in the future.
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5.1.2 Objective and overview of chapter
This chapter aims to critically examine the potential of bio-butanol to succeed as the next
generation biofuel in the transportation sector by consideration of factors intrinsic to the
product, like bio-butanol properties, technical details of the production process, process
economics among others, and extrinsic factors, like market conditions and competition.
Throughout the discussion, the focus is on the market of bio-butanol as a blend for
gasoline. There exists a separate market for butanol produced from fermentation for sale
as an industrial solvent but analysis of the potential in the industrial solvent market is
outside the scope of this chapter. Also, the gasoline blend market in the US alone is
analyzed here, and global considerations have not been taken into account.
The bio-butanol production process is first reviewed from a historical and
technical point of view to identify the problems that the production process suffers from.
Next, the commercial potential of bio-butanol as a gasoline blend is examined by looking
at the market conditions, government regulations and bio-butanol's primary competitors.
A comparison of the process economics of bio-butanol with that of its competitor is
carried out to predict their relative chances of success as gasoline blends. The chapter
ends by proposing strategies and analyzing conditions that would ensure the success of
bio-butanol.
5.2 Production of bio-butanol
5.2.1 History of butanol fermentation process
The ability of microbes to produce butanol through the fermentation process was first
reported by Louis Pasteur in 1861. The interest of the scientific community and the
business community in the production of butanol from biomass by microbial
fermentation has gone through multiple cycles of upswings and downswings over the 150
years since then. And, in the process, fermentation of butanol has become directly or
indirectly involved in some of the major geo-political developments over the last century.
An extensive account of the interesting history of bio-butanol has been recorded by Jones
and Woods [6], and Gibbs [3]. This section borrows from their reviews.
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5.2.1.1 Early years
Soon after Pasteur's discovery, the few studies that investigated the fermentative
production of butanol concluded that the process also produced significant quantities of
acetone and some amount of ethanol as byproducts. However, acetone-butanol
fermentation or acetone-butanol-ethanol (ABE) fermentation, as the process came to be
called, did not attract significant attention for most of the 1 9 th century. As the world
entered the 20th century, the need for butanol to produce butadiene which, in turn, was
required to produce synthetic rubber brought about a successful academia-industry
collaboration in England to develop the fermentation route for butanol production further
to allow its operation on an industrial scale. These efforts were primarily led by chemist
Chaim Weizmann. After the outbreak of the First World War, Weizmann identified the
huge demand for acetone for production of ammunitions. By positioning the acetone-
butanol fermentation process as one of the viable acetone production processes in front of
the British government, Weizmann was able to attract a lot of commercial interest in the
process. Throughout the War years, Weizmann's relentless research and the interest
shown by the industrialists resulted in significant improvements in the acetone-butanol
fermentation technology. Plants were opened in other British colonies, like Canada, to
increase the acetone production. When the US entered the War, fermentation based
production of acetone was started in the US mid-west corn belt as well. Most of the
attention during these years was on acetone, and butanol, treated as a byproduct of the
fermentation, found some limited use as an industrial solvent.
On the political front, the success of the acetone-butanol fermentation process gave
Weizmann significant economic and political clout. As the leader of the Zionist
Organization, Weizmann leveraged this clout to give strength to the movement
demanding a separate Jewish homeland in Palestine. His efforts saw him eventually
become the first President of Israel.
5.2.1.2 Three decades between the end of the First World War and the first global
energy crisis in 1970s
After the end of the First World War, the demand for acetone fell dramatically and the
spotlight on the acetone-butanol fermentation process started shifting away. But the
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growth of the automobile industry in the US offered opportunities for the sale of butanol
as an industrial solvent. This new demand saw the fermentation process through the inter-
war years. With the Second World War, the demand for fermentative production of
acetone to act as a raw material for ammunition grew again.
Ever since the First World War, however, synthetic processes for acetone and
butanol production starting from petrochemicals started gaining prominence. These new
processes increasingly gained competitive strength vis-a-vis the fermentation process
fueled by rapid improvements in refining and petrochemical industries. Although the
petrochemical processes required a much higher upfront fixed capital investment, the
significantly lower operation cost and the ability to produce at a much larger scale soon
made the fermentation method to produce butanol commercially unviable. As a result, the
acetone-butanol fermentation process faded into the background throughout the third
quarter of the 2 0 th century in most parts of the world except South Africa. The process
continued to be operated in South Africa till the early 1980's because of the availability
of cheap feedstock, cheap coal, and the restrictions faced by the country in importing oil.
5.2.1.3 1980 onwards
The first energy crisis made the world realize its overdependence on Middle Eastern oil,
and then began the search for alternatives in true earnest. Butanol produced from
fermentation of biomass emerged as one such potentially attractive, renewable
alternative. A lot of researchers worked on techniques to improve the commercial
viability of the fermentation process [6-18].
Although the focus on butanol faded again in the 1990s because of a fall in the
price of oil, the past decade has seen a renewed interest in the alcohol-butanol
fermentation with the price of crude oil crossing the $1 00/barrel mark. The current focus
differs from previous occasions when butanol fermentation has been in the spotlight in
that today researchers are seriously evaluating the potential of butanol produced from
biomass as a supplement or a substitute for gasoline [5, 19] whereas previously the focus
on the fermentation was primarily from the point of view of producing butanol through
fermentation for use as an industrial chemical. The possibility that butanol will someday
address the needs of the motor fuel market has increased the potential market size several
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fold. However, the need for a scalable fermentation process is greater today than it has
ever been in the past.
5.2.2 Technical overview of butanol fermentation process
Research on the ABE fermentation process has undergone tremendous improvements
over the last few decades. In this section an overview of the key elements - substrates,
microorganisms, and modes of operation of the process - is presented.
5.2.2.1 Substrates
Corn and corn-milling byproducts have been the conventional sources of starch needed
for the anaerobic fermentation to produce butanol [20]. Other grains like wheat, rye,
millet, etc. have also been used [21]. Alternately, molasses has been used as a source of
sugar [21]. However, the high cost of these substrates has affected the competitiveness of
the ABE fermentation process to produce butanol [6]. Moreover, the diversion of food
crops like corn, wheat, etc. from the food market to the production of biofuels like bio-
ethanol or bio-butanol is problematic because of its potential to stoke up inflation. These
factors have motivated researchers to look at alternative substrates for the fermentation
process.
Substrates other than grains or molasses from which butanol can be produced can
be divided broadly into two categories:
(i) Alternate noncellulosic substrates
Qureshi and co-workers have demonstrated the use of soy molasses as a fermentation
substrate [22]. Butanol has also been produced from low-grade glycerol by Andrade and
Vasconcelos [23]. Jones and Woods have reviewed the use of a variety of substrates
including Jerusalem artichokes, cheese whey, apple pomace and algal biomass [6]. The
use of sugar beet and potato crops has also been reported as sources of starch for
fermentation [24].
(ii) Lignocellulosic (or simply, cellulosic) substrates
Lignocellulosic materials are found in abundance in the world. They contain pentose and
xylose sugars trapped within degradation resistant cellulose and hemicellulose exterior.
Through their persistent efforts, researchers have been successful in devising ways to
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hydrolyze lignocellulosic materials to convert them into a form which can be fermented
into alcohols. This has paved the way for the use of a range of materials like switchgrass
[25], wheat straw [26], corn fiber xylan [27], agricultural waste products [28], etc. from
which butanol can be produced by fermentation. Glucose, xylose and arabinose sugars in
the sulfite waste liquors from the paper industry have also been proposed as feedstock for
ABE fermentation [6].
5.2.2.2 Microorganism
The traditional strain of bacteria used for the anaerobic fermentation is the Clostridium
acetobutylicum. The microorganism facilitates the breakdown of the carbohydrate
molecules present in the substrates in polymeric form into their constituent monomers by
the action of the enzymes that they secrete. Butanol has also been produced by a two-step
process that uses continuous immobilized cultures of Clostridium acetobutylicum and
Clostridium tyrobutyricum. In the 1980s, the use of another strain of bacteria,
Clostridium tetanomorphum was also studied briefly [29]. A lot of focus recently has
been on the use of high yield Clostridium beijerinckii P260 and Clostridium beijerinckii
BA101 strains of bacteria [30-33]. A detailed review of the metabolic aspects of the
fermentative production of butanol from clostridia can be found elsewhere [34].
5.2.2.3 Modes of operation [6, 20, 35]
The fermentation process can be operated as a batch process, as a fed batch process or as
a continuous process. Batch mode of operation is the conventional and the most widely
used mode. Operation in the fed batch mode or the continuous mode overcomes some of
the drawbacks of the batch mode but gives rise to additional challenges.
(i) Batch process
A batch process for butanol fermentation can be broken down into a series of stages. The
stage-wise break down is shown in Figure 5-6. The feedstock, corn in this case, is first
milled and then liquefied to nearly 8% to 10% concentration. The liquefied corn, called
mash, is cooked with the clostridium strain being used in the fermentation for close to
two hours at 130'C to start the fermentation process. Anaerobic conditions are
maintained by sweeping the top of the fermentation vessel by nitrogen or carbon dioxide.
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Sparging of the broth with these gases is also carried out to mix the contents as well as to
remove any dissolved oxygen. Typical residence time in the reactors is of the order of
three days. Hydrogen is recovered by passing the gas stream from the fermentor through
a pressure swing adsorption unit. The recovered hydrogen is then sold as a coproduct.
Bulk water from the fermentation broth is removed through conventional processes like
distillation while dehydration of the broth to remove traces of water is done using
processes like pervaporation. After this stage the fermented stream comprises of acetone,
butanol and ethanol. Distillation is used to separate this solvent mixture into pure,
individual components. Acetone, being the lowest boiling, gets separated first followed
by distillative separation of ethanol and butanol.
Com
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Figure 5-6 Stage-wise breakup of butanol fermentation process [35].
(ii) Fed batch process
High substrate concentration has been found in some cases to inhibit butanol production.
To avoid stopping and restarting the fermentation process very frequently, however, one
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must start with a relatively high concentration of the substrate in a batch process. This
requirement of a high initial substrate concentration is a drawback of the batch process.
This can be overcome by operating the reactor in fed batch mode by starting with
relatively low concentration of the substrate and then adding a concentrated solution of
the substrate to the reactor as the substrate is utilized. In the fed batch mode, the
fermentation broth grows in volume over time. When the broth fills up nearly three-
quarters of the reactor, the process is stopped and the reaction vessel is emptied. This
mode of operation typically leads to high product concentration in the broth. Because the
product, butanol, also has an inhibitory effect on the fermentation process, a reactor can
be operated in the fed batch mode only if it is coupled with a continuous separation
system for butanol recovery.
Reactor operated in the fed-batch mode has been used for the production of
butanol from whey using Clostridium acetobutylicum [36].
(iii) Continuous process
Continuous operation of the process helps overcome the requirement of frequent
stoppage of the fermentation process in the batch and the fed batch mode of operation.
However, a trade-off between high productivity and high product concentration has been
reported when fermentation is carried out in the continuous mode. Multistage continuous
fermentation systems have been proposed as one of the ways of achieving high
concentration with high productivity [37]. But a multistage operation looks infeasible at
the industrial scale given the increased complexity of the process.
Given the operational challenges, operation of fermentation reactors in the batch
or fed batch mode continues to be used most widely.
5.2.3 Problems with current operation of ABE fermentation process
The most widely used method of production of bio-butanol is the batch fermentation of
com or molasses using Clostridium acetobutylicum. This process is well understood and
has been the conventional method of production. However, the process suffers from
several drawbacks [6] which are discussed in this section.
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The biggest shortcoming of the ABE fermentation process that uses corn as the
feedstock is the sensitivity of the process economics to the price of corn. Although
irrespective of what feedstock is used the process economics will change as a function of
the feedstock price, the effect becomes more pronounced if the feedstock is a food crop.
The world looks at crops like corn, wheat, sugar, etc. primarily as a source of food.
Governments all over the world try to contain the volatility in the price of food items as
part of their efforts to control inflation. Any shortfall in the supply of corn or sugar has
the potential of increasing food prices. To prevent this from happening, the share of the
crops originally planned to be used for bio-butanol generation is rerouted to the food
markets. This amplifies the supply shortfall of these crops in the biofuel feedstock market
greatly increasing their price, and thereby making biofuels like bio-butanol more costly to
produce and less competitive against conventional fossil based fuels like gasoline.
The intrinsic yield of the ABE fermentation process is low (typically in the range
of 0.30 to 0.40 [38]) and the product obtained is not pure butanol but a solvent mixture of
butanol with acetone and ethanol in the ratio 6:3:1. Therefore, if butanol is the species of
interest then the butanol yield is typically close to 0.20. The low butanol yield renders the
process unattractive if one is looking for a scalable process to meet the global energy
needs.
The problem of low yield is further complicated by the substrate inhibition and
product inhibition effects (discussed briefly in the preceding subsection). The
requirement of moderate substrate concentration and low product concentration to
prevent the microorganisms from dying creates two problems. Low substrate
concentration leads to slower fermentation kinetics making the process slow. Also, low
butanol concentration necessitates the use of a downstream separation process to separate
butanol from the fermentation broth. The separation processes are typically energy
intensive processes making the energy balance of a renewable energy source like bio-
butanol unfavorable.
The sensitivity of the fermentation culture to impurities and reaction conditions
requires that the fermentation process be run under sterile conditions and with utmost
care. Ensuring these conditions, in turn, increases the cost of operation as well as greater
operational difficulties.
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5.2.4 Summary
The ABE fermentation process by which butanol is produced from biomass has been
studied for over a century now. Rapid advances to improve the economics of bio-butanol
have been made over the past three decades to make the fuel competitive as an alternative
to fossil fuel based liquid fuels like gasoline. Key areas of development have been the
development of cheaper substrates for production, development of microorganism strains
which are more robust and give higher yield, and improvement of process operation
techniques. Although significant progress has been made, the process still has
shortcomings that include the use of food crops like corn as feedstock for fermentation,
low process yield, and inhibitory effects of substrate and products. These shortcomings,
however, present opportunities to improve the technical aspects of bio-butanol production
process further.
5.3 Economic analysis of bio-butanol as a gasoline blend
The recent focus on low molecular weight alcohols, like ethanol and butanol, produced
from biomass is primarily fueled by their role as an alternative liquid motor fuel or a
blend for existing fuels, like gasoline. Given that more than a quarter of the 100
Quadrillion BTU of energy consumed in the US annually is used for transportation, and
more than 90% of the transportation needs are currently being met by petroleum based
fuels (Figure 5-3), the complete replacement of petroleum based transportation fuels is
not a realistically achievable goal in the foreseeable future. The attention, therefore, has
been on using biofuels like bio-ethanol and more recently bio-butanol as a gasoline blend
to alleviate some of the demand pressures on gasoline. This section examines the
attractiveness of the gasoline blend market and then delves into whether bio-butanol can
succeed in this market.
5.3.1 Attractiveness of the US gasoline blend market for a bio-butanol producer
Attractiveness of the market for gasoline blend from the point of view of an existing or a
potential bio-butanol producer will be determined by three main factors - the size and
growth of the market for gasoline, the government regulations that mandate the ratio in
which gasoline must be blended with biofuels like bio-ethanol and bio-butanol, and the
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competition between gasoline blend producers, both existing and potential. These factors
are discussed in detail in this section. It is important to reiterate that the discussion here
focuses on the US market. The factors at play in the global market will be different and
merit a separate discussion.
5.3.1.1 Demand for gasoline in the US
The transportation sector has seen a steady growth of nearly 2% on average annually over
the last five decades except for short periods of stagnation or decline in times of recession
(Figure 5-7) [1].
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Figure 5-7 Energy consumption in the US by sector [ 1]
The energy requirement in the transportation sector is expected to continue to grow
steadily for the next 25 years although at a somewhat lower rate of less than 1% per
annum [39]. The slow-down of the growth rate will partly be a result of changing
demographics and improved fuel economy. Even at this slower growth rate, US will need
16% more fuel for transportation in 2035 than it needs now.
There are few substitute transportation fuels which can match gasoline in
performance, cost and scale metrics. Although diesel is another widely used
transportation fuel globally, in the US its use is limited because of the existing
infrastructure for production, sale and use of gasoline. Moreover, diesel is also derived
from petroleum and therefore suffers from the same drawbacks as gasoline. Natural gas,
liquefied natural gas (LNG), and liquefied petroleum gas (LPG) are other potential
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gasoline substitutes but their use as motor fuels in the US will require a massive
infrastructure change - something not expected in the near future. Other potential
gasoline substitutes include liquid fuels derived from coal or natural gas. These are
disadvantaged by their high cost of production and are not expected to compete strongly
with gasoline anytime soon. Therefore, reliance on gasoline will continue to be strong in
the foreseeable future.
The huge size of the current market in the US for gasoline (~9M barrels per day)
and the projected positive rate of growth over the next 25 years confirm the expected -
the world needs and will continue to need more and more gasoline. Given the limited
quantity of fossil fuels, this growing demand creates a huge market potential for
renewable fuels which can be blended with gasoline and thereby satisfy a part of this
need. Looking at the market for gasoline blends through the lens of addressable market
size and its growth, the market appears very attractive for producers of blends like bio-
ethanol and bio-butanol.
5.3.1.2 US government's blend mandate
Decision concerning the choice of transportation fuels involves several stakeholders most
important among which are producers of raw materials for the fuels, fuel processing
industries, automobile manufacturers, fuel retailers, environmentalists, the government,
and the public at large. As the interests of the stakeholders often conflict with each other,
it is only natural to expect that the major fuel-related decisions are taken by the
government after considering the interests of all parties involved. The use of alternative
fuels derived from biomass as a blend with gasoline is one such issue in which the US
government is heavily involved.
When the US lawmakers enacted the Energy Independence and Security Act
(EISA) in 2007, it set strict mandates requiring a minimum of 36 billion gallons of
renewable fuels to be sold as transportation fuels in the US by 2022 [40]. This was
achieved by setting a new, mandatory Renewable Fuel Standard (RFS). Additionally, the
law set up new grant programs to encourage the development of cellulosic biofuels
among other environmentally friendly technologies [41].
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EISA 2007 shows strong commitment on part of the policy makers to the cause of
making transportation fuels greener in the future. Moreover, it also testifies to the
important role that alcohols derived from biomass are expected to play in the future. The
support of government mandates and policies enjoyed by biofuels increases further the
market attractiveness for renewable gasoline blends like bio-butanol.
5.3.1.3 Competition
Assessment of competitive landscape from the point of view of a bio-butanol producer
needs to be done along two dimensions - competition between the different biofuel
products that can satisfy the blend mandate, and competition between bio-butanol
producers. Discussion along these dimensions is presented here.
(i) Competition between blends
Among the fuels identified by the Energy Policy Acts of 1992 and 2005 as potential
alternative transportation fuels, only alcohols produced from biomass are the renewable
options that can be blended with gasoline in different ratios. Specifically, bio-methanol
and bio-ethanol are the principal competitors of bio-butanol in the gasoline blend market
space [42]. By far, bio-ethanol is the biggest competitor for bio-butanol because more
than 80% of EISA 2007 RFS credits are currently earned by bio-ethanol producers as is
seen in Figure 5-8 taken from the Annual Energy Outlook 2010 released by the US
Energy Information Administration [39]. In the future, other biomass-to-liquid fuels like
bio-butanol and bio-methanol will increase their share but bio-ethanol will continue to
dominate [39]. Given bio-ethanol's position as the most widely used biofuel and the
competitive threat posed by it, a detailed comparison of qualitative and quantitative
aspects of bio-butanol and bio-ethanol is presented later.
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Figure 5-8 Projections of EISA 2007 RFS credits earned in selected years [39].
(ii) Threat of competition from new bio-butanol producers
Looking at the production technology of bio-butanol using the three lenses proposed in
section 5.2.2 we can see that the availability of substrates and the knowledge of process
operations is not a considerable hindrance to anyone looking to get into the production of
bio-butanol. The main barrier to entry is the intellectual property associated with the
development of the fermentation microorganism with the desired genetic makeup.
However, the lack of in-house development of microorganism strains is not a critical
barrier to a potential entrant because technology can be licensed or bought from those
possessing and willing to trade their intellectual property rights. As will be discussed in
section 5.3.2.3, the capital requirements for setting up the process may act as another
barrier to entry. But business plans backed by sound technical understanding and accurate
market analysis should not find capital-raising a significant barrier in today's well
developed financial and venture capital markets.
Because of the low barriers to entry, bio-butanol's potential success is expected to
attract more commercial players into the bio-butanol production space in the future. But
given the growing size of the pie, this does not reduce significantly the attractiveness of
the gasoline blend market from the point of view of the other bio-butanol producers.
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5.3.1.4 Summary
The market for gasoline blend appears very attractive for the large-scale
commercialization of bio-butanol. Not only is the market huge and growing, the
government policies and mandates are providing strong push to all players in the
transportation sector to make the required changes to facilitate the adoption of fuels
derived from biomass as forms of transportation fuels. The biggest challenge to bio-
butanol's commercial success is the stiff competition it faces from bio-ethanol. Bio-
ethanol has a head start in the on-going race in the gasoline blend market, and there is a
need for a critical examination of bio-butanol's market potential versus that of bio-
ethanol to guide future investments in bio-butanol. In the next section, bio-butanol is
compared with bio-ethanol on important qualitative and quantitative metrics.
5.3.2 Bio-butanol versus bio-ethanol
5.3.2.1 Comparison of technical details ofproduction process
Both bio-ethanol and bio-butanol are produced by fermentation of carbohydrates using
microorganisms. The production processes are similar to each other in some respects and
different in others. These processes can be compared with each other along the three
dimensions discussed in section 5.2.2.
The commonly used substrates for bio-ethanol and bio-butanol production are
sugars and starch. Corn, molasses, beets, potatoes, rice, wheat and other grains can be
fermented to produce either ethanol or butanol depending upon the reaction conditions
and the microorganism used. Even lignocellulosic biomass can be converted into both
ethanol and butanol although the technology to produce ethanol from lignocellulose is
more developed. Bio-butanol can be produced from cheese whey although ethanol can
not be produced from the same substrate [21].
Fermentation of bio-butanol is carried out by clostridial bacteria as was discussed
in detail in section 5.2.2.2. The fermentation of ethanol is carried out by yeasts. The most
commonly used yeast species for bio-ethanol fermentation are Saccharomyces cerevisiae
and Zymomonas mobilis. The yeast species have a vigorous rate of growth and can be
conveniently obtained from industrial suppliers. The bacterial species for ABE
fermentation are very susceptible to impurities. Therefore, production from bacterial
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cultures is required to be carried out carefully and aseptic conditions need to be
maintained throughout the process to keep the culture alive [25]. The fermentation of
biomass for the production of butanol also produces acetone and some ethanol in addition
to some other coproducts which have commercial value. The byproducts of ethanol
fermentation from yeasts are not as attractive commercially.
The robustness and resistance of yeast in ethanol fermentation to impurities in the
culture reduces operational hassles in the process operations. Ethanol fermentation does
not require any special equipment, and cleanliness standards need not be very high. This
brings both the fixed and the operation cost of ethanol fermentation down. In contrast,
butanol fermentation requires expensive steel fermentation vessels that must be sterilized
by steam - this increases the costs associated with the process. Given the problems of
product inhibition associated with butanol fermentation, butanol that is produced is
present at a very dilute concentration in the broth. This results in the requirement for
larger reactors. An advantage of butanol's limited solubility in water is that the
downstream separation of the solvents from the aqueous broth is easier than in the case of
ethanol because ethanol is miscible with water and forms an azeotropic mixture making
distillation difficult beyond a point.
5.3.2.2 Comparison ofphysical and chemical properties
A number of reports in the literature have compared the chemical properties of butanol
with those of ethanol arguing why some of these properties make one of the fuels more
attractive than the other as the next generation biofuel [2, 7, 19, 20, 43-52]. Most of these
reports highlight similar points, and a summary of these points based on these reports is
presented here.
Butanol molecule has a four-carbon long backbone unlike ethanol which has only
two carbon atoms. The longer carbon chain in butanol makes the molecule more similar
to gasoline (composed primarily of C5 to C8 alkanes) and therefore results in a blend
with properties not much different from those of pure gasoline. The internal combustion
engines presently in use with gasoline will not require a major overhaul to be able to run
on gasoline-butanol blends with high butanol content given the lower oxygen content of
butanol than ethanol. Butanol also has higher energy density than ethanol. So for a given
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mass of ethanol and butanol, more energy can be obtained from the combustion of
butanol. Butanol has lower vapor pressure and is therefore less volatile than ethanol.
Lower volatility of butanol results in lower evaporative losses and smaller chance of
accidental explosions. Lower Reid vapor pressure of butanol allows for possible blending
of gasoline-butanol blends with other additives, like butane, which can increase the
octane number of the resulting blend. Also, butanol is not miscible with water unlike
ethanol. Finite solubility in water means that butanol can be transferred over fairly long
distances in pipelines without serious threat of contamination from groundwater that may
leak into the pipes. Butanol's less corrosive nature further facilitates its transport through
pipes. The ability to transport butanol through pipes also reduces the transportation and
storage issues that plague ethanol which must be transported in tanks to the retail outlets
and mixed with gasoline on the spot to prevent any mixing with water. As far as
production technology goes, if a decision was to be made in favor of the use of bio-
butanol as the preferred gasoline blend, then the production technology developed till
now for ethanol fermentation could easily be modified through small incremental
changes to allow large-scale production of bio-butanol. These factors make bio-butanol
look more attractive than bio-ethanol as a gasoline blend.
However, bio-ethanol scores over bio-butanol in that it is less toxic which makes
it favorable from an environmental point of view in case of accidental spillages [5].
Ethanol has a higher motor octane number and research octane number than n-butanol
giving it better anti-knocking properties [21]. Higher oxygen content of ethanol means
that using ethanol as the blend will serve the additional role of a fuel oxygenate. Most
importantly, yield of ethanol from a given mass of feedstock like corn is higher than the
yield of butanol. The higher yield may make the production of ethanol more economical
making it commercially more attractive. Whether this is actually true or not is
investigated in the following sub-section.
5.3.2.3 Comparison of cost ofproduction
One of the most important, if not the single most important, criteria that dictates the
commercial success of a product is its profitability. The same is true for fuels like bio-
ethanol and bio-butanol. Profitability is in turn a function of the revenue and the cost of
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production. Because the price of commodity products, like motor fuels, in a competitive
market is very close to the marginal cost of production, the primary determinant of the
success of two completely substitutable products, like bio-ethanol and bio-butanol, is
their relative production cost. Therefore, a comparison of the production costs of bio-
ethanol and bio-butanol is presented in this sub-section as a means of figuring out which
of the two products has greater commercial appeal. To carry out the comparison, first a
suitable basis of comparison is chosen. Then the yield of the products is estimated from
literature sources. Finally, the cost of production of the two products is estimated and
compared.
(i) Basis of comparison
Fuels are used as energy sources. A logical choice, therefore, is to compare the cost that
is incurred to produce the same amount of energy from the two biofuels being
considered. Comparison based on cost of production of unit quantity or unit volume may
result in misleading conclusions because energy density and mass density need not be
correlated. Given the likely use of the fuels in internal combustion engines, the lower
heating value (LHV) of the two fuels is an appropriate choice for the basis of comparison
[25]. LHV is defined as the heat of combustion at 25'C and atmospheric pressure reduced
by the enthalpy of evaporation of water [25]. The choice of LHV rather than higher
heating value (HHV) as the basis is more suitable because water usually leaves the
internal combustion engines in the vapor form. The LHV of ethanol and butanol
(obtained from NIST Chemistry WebBook [53]) is presented in Table 5-1. For
comparison sake, the LHV of gasoline (obtained from [25]) is also included. The LHV of
butanol is nearly 20% greater than that of ethanol. However, gasoline has the highest
LHV among the three fuels.
Table 5-1 LHV of butanol, ethanol and gasoline
Fuel LHV (MJ/kg)
Butanol 33.4
Ethanol 27.0
Gasoline 43.4
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(ii) Base case production process
As was discussed in section 5.3.2.1, there exists a wide variety of choices for selecting
the production process for bio-ethanol and bio-butanol. For an apples-to-apples
comparison, the cost of production of the two biofuels in this section is calculated for the
most common method of production of these fuels in the US - dry grind processing of
corn for ethanol production and corn based butanol production [35].
(iii) Yield assumptions
Ethanol production from corn through the dry grind process has been well-studied and
there is reasonable agreement in literature about the yield of the process. Tao and Aden
[35] have used a yield value of 2.77 gallons of ethanol per bushel of corn, while Wu [54]
has used a mean value of 2.81 gallons of ethanol per bushel of corn. As 56 lbs. of corn
constitutes a bushel, yields of 2.77 gallons of ethanol per bushel and 2.81 gallons of
ethanol per bushes translate to yields of 0.32kg of ethanol per kg corn and 0.33kg of
ethanol per kg corn, respectively. Clearly, these values are in close agreement. In the
following cost calculations, the value used by Tao and Aden has been used.
Agreement about reasonable estimates for the yield of butanol from corn could
not be found. The yield values used in three of the most popular literature reports are
summarized in Table 5-2. The difference in the value of yield assumed by the authors
cited in Table 5-2 is in part a result of the difference in the quality of microorganisms
used in the considered fermentation processes. Qureshi and Blaschek base their yield
value on the experimentally obtained yield from the hyper-butanol producing strain of C.
beijerinckii BA101 that they have developed [30]. However, these experiments were
done on a laboratory scale and the yield is expected to be lower in an industry-scale plant.
Pfromm et al. [25], on the other hand, assume a very conservative value based on past
industry data and thereby neglected the potential gains from using an advanced strain in
the future. Given the two extreme yield values of 0.12 and 0.24 in Table 5-2, an average
value of yield of 0.18kg of butanol per kg of corn was assumed in the calculations here.
This value is in close agreement with the value used by Tao and Aden in their simulations
[35].
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Table 5-2 Summary of butanol fermentation yield assumptions in literature reports
Source Yield assumptions
* 34wt% solvents relative to mass of starch
* 61 wt% starch in feed corn
Pfromm et al. [25] 0 Solvents contain butanol, acetone and ethanol in the
ratio 6:3:1
- Yield = 0.12 kg butanol / kg corn
0 $2.46 worth of corn per gallon required per gallon
of fermented butanol
Tao and Aden [35]
0 Price of corn = $132/ton
+ Yield = 0.16 kg butanol / kg corn
a 121x106 kg of butanol from 5.14x 108 kg cornQureshi and Blaschek [30]
- Yield = 0.24 kg butanol / kg corn
If economics of production was set aside for a moment and it was assumed that the
limiting factor was the supply of corn, then the parameter that can be used to compare
bio-ethanol and bio-butanol would be the amount of energy that can be produced from
the combustion of these fuels per unit mass of corn used as feed. In other words, the LHV
yield per unit mass of corn would provide a good basis of comparison. Using the LHV
value listed in Table 5-1 and the yield assumptions presented in the preceding paragraphs,
the LHV yield for bio-ethanol and bio-butanol can be calculated to be 8.6 MJ/kg corn and
6.0 MJ/kg corn, respectively. The calculations are summarized in Table 5-3.
Table 5-3 Calculation of LHV yield
Fuel
Bio-ethanol
Bio-butanol
Yield
(kg fuel/kg corn)
0.32
0.18
LHV LHV yield
(MJ/kg fuel) (MJ/kg corn)
27.0 8.6
33.4 6.0
The use of LHV yield as a decision criterion makes sense given that the primary
role of food crops like corn and wheat is to be a source of food to the growing population
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of this world making the quantity available for biofuel production limited. On this metric
we see that bio-ethanol trumps bio-butanol by more than 40%. Unless dramatic yield
improvements can be made to the ABE fermentation process or other feedstocks are used
for the production, bio-butanol will continue to lag behind bio-ethanol if the supply of
corn becomes the limiting factor. Presently, however, the supply constraints are not as
severe and decision is based more on economic metrics which are discussed in the
following pages.
(iv) Market price of coproducts produced during butanol fermentation
Butanol fermentation is accompanied by the production of acetone and ethanol as
coproducts. Additionally, the process produces gases like hydrogen and C0 2, corn fiber
and proteins, cell mass, and some other products. Economic value that can be derived
from the sale of these coproducts has been identified in several literature reports [55, 56].
Given the important role of coproducts sale on the butanol fermentation economics, a
forward looking market potential analysis of bio-butanol should be based on the expected
market price of the coproducts over the next 5-10 years. This analysis is missing in the
literature.
The estimation of cost of production of butanol in this chapter is based on the
price of coproducts listed in Table 5-4. Average projected prices of acetone and ethanol
of $0.90/kg and $0.55/kg over the next two decades were obtained from literature [25].
Price of hydrogen gas was assumed to stay unchanged at $0.10/kg. The price of biomass,
corn fiber and corn oil were inflated proportionately to the inflation in the price of corn.
Since the price of corn is currently close to $200/ton up 150% from the value close to $80
in 2001 [55], the prices of biomass, fiber, and corn oil were also increased by 150% from
the values of $0.18/kg, $0.18/kg and $0.40/kg respectively reported in 2001 [55]. These
values are summarized in Table 5-4. The price of biomass, fiber and corn oil is not based
on future projections unlike the price of acetone and ethanol because of absence of
suitable data. However, sensitivity calculations shown later will illustrate the effect of
changing coproduct price on butanol economics. The amount of coproducts produced per
unit mass of butanol has also been obtained from the literature and is listed in Table 5-4
[55].
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Table 5-4 Estimates of price of coproducts used in cost estimation
Amount produced (in kg) Expected market
Coproduct per kg butanol produced price ($/kg)
Acetone 0.19 0.38
Ethanol 0.06 0.28
Gases 1.91 0.10
Cell mass 0.35 0.45
Fiber and proteins 0.73 0.45
Corn oil 0.16 1.00
(v) Calculation of cost of production of bio-ethanol and bio-butanol
The cost of production of bio-ethanol and bio-butanol was estimated by focusing first on
the operational expenses per unit mass of the fuel. The prices of commodities are usually
based on the marginal cost of production in a competitive economy. Ignoring scale
effects, marginal cost equals variable operating cost which justifies the focus on
operational expenses. The upfront fixed investment cost is useful in estimating the return
on investment and will be accounted for later on.
The major operating cost buckets for the fermentation process are well known
[35]. The cost estimates for bio-ethanol is also readily available in the literature [35].
These estimates were corrected for based on the recent increase in corn price. The price
of corn in this estimation exercise was set at a value of $200/ton which was the average
price of US No.2 Yellow, FOB Gulf of Mexico corn over 2010 based on International
Monetary Fund data obtained through www.indexmundi.com. A Microsoft Excel®
model was built to estimate the cost of bio-butanol production. The model estimated the
cost of corn required to produce 1kg of butanol using the yield value of 0.18. The cost of
labor, supplies, overhead and utilities was obtained from the literature [35]. The
coproduct credit was calculated based on the data presented in Table 5-4. However,
assumption that all of the coproducts of fermentation will be successfully recovered and
sold is very optimistic. Revenue generation equivalent to the sale of 60% of the
coproducts has been proposed as a more realistic assumption [30]. The coproduct credits
used in the calculations in this section uses the assumption of sale of 60% of coproducts.
These calculations resulted in cost of production on a per unit mass basis of bio-ethanol
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and bio-butanol equal to $0.68 per kg and $1.05 per kg, respectively. The calculations are
summarized in Table 5-5.
Table 5-5 Operational cost breakdown of bio-ethanol and bio-butanol production process
Cost bucket
Corn
Other raw material
Labor, supplies, and overhead
Utilities
Co-product credits
TOTAL COST
Cost ($/kg)
Bio-ethanol Bio-butanol
0.62 1.11
0.03 0.04
0.04 0.14
0.10 0.32
-0.11 -0.56
0.68 1.05
However, the correct comparison is one based on LHV of these fuels. Accounting
for the different LHV values of ethanol and butanol as noted in Table 5-1, the cost of
production per unit of energy produced by combustion in an internal combustion engine
comes out to be 2.5 cents per MJ of energy for bio-ethanol, and 3.1 cents per MJ for bio-
butanol, as is shown in Table 5-6.
Table 5-6 Calculation of cost of production using LHV as basis
Cost of production on mass basis (Cents/kg)
LHV (MJ/kg)
Cost of production on LHV basis (Cents/MJ)
Bio-ethanol Bio-butanol
68.0 105.0
27.0 33.4
2.5 3.1
The importance of choosing the correct basis of comparison is apparent from the
calculations here. Although on a cost per unit mass basis bio-butanol appears to be more
than 50% more expensive to produce than bio-ethanol, when we look at how much it
costs to produce a unit of energy from the two biofuels, the difference in the costs of
production reduces to 25% of the cost of production of bio-ethanol.
The current shift in focus from bio-ethanol to bio-butanol is primarily driven by
the more attractive physical and chemical properties of the fuel, as was discussed earlier.
But a careful analysis of the economics of the production processes of bio-butanol and its
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prime competitor, bio-ethanol, lays bare the cost disadvantage plaguing bio-butanol. How
this shortcoming may potentially be overcome is discussed in section 5.4.
(vi) Capital investment required for bio-ethanol and bio-butanol fermentation processes
ABE fermentation for butanol production is highly sensitive to impurities and
fermentation conditions. Maintaining aseptic conditions and a high degree of control over
fermentation conditions necessitates the use of expensive equipments. The production of
butanol at low concentrations requires the use of large reactor vessels which further
increases the fixed cost associated with the process. On the other hand, ethanol
fermentation is a more robust process and does not require state-of-the-art equipment.
Moreover, lower solids and other wastes volume needs to be handled in ethanol
fermentation requiring lower investment in wastes handling infrastructure. Majorly due to
these factors, the capital cost requirement for a plant with annual production capacity of
45M gallons has been reported to be nearly double for bio-butanol production from corn
when compared to bio-ethanol production from corn - $133.51M for bio-butanol versus
$65.75M for bio-ethanol [35]. The cost breakdown is presented in Table 5-7.
Table 5-7 Breakdown of capital investment required to setup 45M gallons/year bio-
ethanol and bio-butanol fermentation plants [35]
Capital costs ($M)
Bio-ethanol Bio-butanol
Feed handling and milling 4.05 5.99
Liquefaction and saccharification 3.56 5.31
Fermentation 10.97 19.99
Distillation 13.56 22.60
Water recycle and solids handling 25.85 63.08
Storage 1.53 7.32
Utilities and other 6.23 9.21
TOTAL CAPITAL COST 65.75 133.50
Bio-butanol production process's higher capital requirement has two major
implications - it creates a barrier to entry preventing those not able to secure financing of
upwards of $1 OOM from entering this market, and necessitates a higher margin per unit
volume of butanol. The tougher barrier to entry is both an advantage and a disadvantage.
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For incumbents, it is a positive because it limits the number of players in the bio-butanol
market. But the presence of fewer players goes against the creation of purely competitive
market and may, therefore, indirectly slow the pace of innovation. This should not,
however, be a source of major concern.
Higher margin requirement is a more serious issue. If one uses the same
investment criterion to evaluate bio-ethanol and bio-butanol production processes
(payback period, return of investment, etc.) then unless the margin on butanol is nearly
double that of ethanol, ethanol will continue to look more attractive. Based on the
calculation of cost of production using LHV as the basis, there appears to be limited
scope for selling bio-butanol at a higher margin. Even after a 20% mark-up, bio-ethanol
would continue to be cheaper than bio-butanol. The difference in the costs is so
significant that it seems unlikely that bio-butanol producers will be able to sell their
product in the market at a price much higher than the price of their competitor, bio-
ethanol. Considering that gasoline blended with biofuel, the final product for which bio-
ethanol and bio-butanol are being produced, is a commodity used by public at large, the
pricing of gasoline-butanol blend at a value much higher that gasoline-ethanol blend will
be almost impossible to justify. If bio-butanol and bio-ethanol are priced at par then
attracting investments in bio-butanol plants would be challenging because investors can
get higher returns from investments in bio-ethanol. Therefore, under the conditions and
assumptions in these calculations, gasoline-butanol blend appears to be a non-starter.
This discussion of capital investment requirement does not account for additional
savings of nearly 2 cents per kg if bio-butanol is used in place of bio-ethanol arising from
the ability to transport bio-butanol through pipelines compared to overland transportation
of bio-ethanol. Even accounting for this additional saving, the return on investment in a
bio-butanol plant is expected to be lower than the return in the case of a bio-ethanol plant.
5.3.2.4 Variables that can affect process economics
(i) Price of corn
The calculation and discussion in section 5.3.2.3 makes it clear that more than 60% of the
variable cost of production of bio-ethanol and bio-butanol is attributable to corn used in
the fermentation process. Needless to say then that wild swings in the price of corn (seen
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in Figure 5-9) as has been seen over the past few years will change the process economics
dramatically.
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Figure 5-9 Average price of US No.2 Yellow, FOB Gulf of Mexico corn from February
2006 to February 2010 (based on International Monetary Fund data obtained through
www.indexmundi.corn).
Change in the price of corn also has a secondary effect on the process economics.
Increase in corn price increases the market price of the coproducts of fermentation like
corn oil and corn fiber. Prices of coproducts like acetone and hydrogen are not expected
to change with change in the price of corn. The two effects of increasing corn prices on
process economics are in opposite directions - while more expensive corn increases the
expense on raw material, the higher price of coproducts brings in additional revenue that
offsets a part of the cost of production.
Calculations were done to investigate the effect of price of corn on the cost (on
LHV basis) of bio-ethanol and bio-butanol. The results are presented in Figure 5-10
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Figure 5-10 Expected variation in the cost of production on LHV basis of bio-ethanol
and bio-butanol from corn with changes in price of corn.
The results show that the bio-butanol continues to be more expensive to produce than
bio-ethanol in the entire range from $1 00/ton to $400/ton of corn price. The resulting
difference in the costs ranges from close to 0.6 cents/MJ to 0.8 cents/MJ, and the
difference increases with increasing corn price. Therefore, changes the price of corn
alone are not expected to increase bio-butanol's market attractiveness versus that of bio-
ethanol.
(ii) Quantity of ABE fermentation coproducts sold
The results presented in section 5.3.2.3 are based on the assumption that only 60% of the
total value of the coproducts is realizable. Although this assumption is based on a
literature report, the report does not present any arguments to justify what appears to be
an ad-hoc choice for the salvageable and sellable fraction of coproducts [30]. Since a
large fraction of the cost of production of bio-butanol is offset by coproducts credits,
changes in the process economics for different assumptions regarding the fraction of
coproducts that can be salvaged was examined. The results are presented in Figure 5-11.
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Figure 5-11 Change in the cost of production of bio-butanol on LHV basis with variation
in the percentage of coproducts that is sold commercially. For comparison, the dotted line
denotes the calculated value of the cost of production of bio-ethanol.
Strong dependence of the cost of production on the coproduct credits, and therefore on
the percentage of coproducts sold is confirmed by looking at the results in Figure 5-11. If
more than 80% of coproducts produced can be salvaged and sold then, with the current
assumptions about the market price of coproducts, bio-butanol will become competitive
with bio-ethanol.
5.3.3 Conclusion
Gasoline blends provide a very attractive market opportunity in the coming years. Major
factors driving the attractiveness include already large and growing demand for
transportation fuels and government's mandate for greater use of alternative fuels. For a
product like bio-butanol, the biggest challenge in capturing the value presented by the
attractive market is the competition with other gasoline blends. In particular, competition
with bio-ethanol will determine the success of bio-butanol. Although the physical and
chemical properties of bio-butanol lend it superiority over bio-ethanol along a number of
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dimensions, a closer and critical look at the hard numbers driving the process economics
tells us that bio-butanol is much more expensive to produce than bio-ethanol on LHV
basis. The unfavorable process economics presents a major roadblock in bio-butanol's
path to success.
The next section looks at possible strategies to overcome the technical
shortcomings discussed in section 5.2.3, and the economic shortcomings discussed in this
section.
5.4 Strategies to make bio-butanol successful
The success of bio-butanol as the gasoline blend of choice in the US is dependent on the
success of bio-butanol vis-ai-vis bio-ethanol. The strategies that can increase the chances
of bio-butanol's success are discussed here.
5.4.1 Use of alternative fermentation substrates by modification of existing
microorganisms and development of new microorganisms
Given the sensitivity of cost of production of bio-butanol to the price of the feedstock,
primary reliance on food crops like corn does not appear to be sustainable in the long run.
Use of lignocellulosic substrates appears to be the most attractive alternative because of
their relative abundance and low price. The yield from these substrates is much lower
than from corn because of the difficulty in extracting sugar from within the cellulosic
matrix for fermentation which reduces somewhat the economic gains from using a lower
cost substrate. However, realization that from the presently known choices for feedstocks,
lignocellulosic substrates are the only ones that can make bio-butanol sustainable in the
long run should guide business and policy decisions to incentivize the shift to
lignocellulosic feedstock, and simultaneously accelerate the research efforts to come up
with improvements in the process operation and the fermentation microbes to improve
the commercial attractiveness of bio-butanol produced from lignocellulosic substrates.
Improvements in microorganisms can broadly be broken down into two sets of
efforts - improvements in the strains of presently known fermentation microorganisms,
and development of new microorganisms capable of fermenting butanol from other
cheaper and more attractive feedstocks. A lot of focus till now has been on the former
although some evidence of serious consideration of the latter approach can now be found.
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Strain and genetic improvements in the commonly used clostridial species can be
used to improve the economics of bio-butanol by achieving one or more of a variety of
objectives. These include developing strains that are more efficient at carrying out
fermentation of lignocellulosic materials, or strains that yield a solvent mixture with
much higher butanol content, or strains that are more resistant to changes in the reaction
conditions in a fermentation reactor. The genetic or strain improvement can be
accomplished using a variety of techniques like mutagenesis, genetic transfer systems, or
gene cloning [6]. Improvements through one or more of these techniques to accomplish
any one of the goals discussed previously will dramatically improve the market
attractiveness of bio-butanol.
Development of new microorganisms for more economical production of bio-
butanol is another approach for improving the fermentation process. There has been a lot
of work recently looking at E. coli for butanol production [43-45, 57, 58]. The advantages
of using E. coli in place of clostridia bacteria include faster growth rates and the potential
to design a more flexible and economical process [44].
The mystery of how to produce ethanol from fermentation of lignocellulosic
substrates by yeasts commercially in a cost-effective manner has also not been solved
completely as yet although the technical knowledge about how to produce ethanol from
lignocellulose is more advanced than the corresponding knowledge for ABE
fermentation. A technological breakthrough in the field of efficient production of bio-
butanol from lignocellulose will rapidly drive down the cost of bio-butanol production
and make bio-butanol much more attractive than bio-ethanol as a gasoline blend.
5.4.2 Use of microorganisms that give higher process yield
Improvement in the yield of butanol will allow more butanol to be produced from the
same amount of feedstock. The impact of yield improvements on process economics will
be direct and immense. Because the biological engineering of microorganisms used in
ABE fermentation has not been going on for long, there is considerable scope for
improvement on this front. Recent studies predict a linearly increasing growth rate of
0.76% in the yield [25]. Although this rate of growth has not been found to be fast
enough to help bio-butanol overcome its cost disadvantage over bio-ethanol soon enough,
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there still exists scope for a faster rate of yield growth which can help bio-butanol catch
up with bio-ethanol and become equally, if not more, competitive.
5.4.3 Improvements in operation of ABE fermentation process
As has been discussed in section 5.2.2.3, fermentation processes are typically run in the
batch mode currently. The shift to large-scale production using a continuous process with
immobilized cell systems and automated process control has the potential of significantly
improving the butanol fermentation process. In addition, development of technology to
separate butanol from the solvent mixture in an inexpensive manner along with utilization
of the gaseous coproducts of the process can bring down the effective cost of butanol
production.
Implementation of continuous fermentation systems will do away with the
requirement to stop reactors and remove products, and save precious time money and
human resources in the process. The biggest problem plaguing continuous production -
sharp fluctuations in solvent production over time - can be overcome by using modem
process control techniques. Moreover, the requirement of a process step to remove the
microorganisms from the solvent mixture can be done away with through the use of
immobilized cell systems. Immobilized cells would also increase the productivity of
reactors and lower the size of the reactor required for operation.
An efficient solvent recovery system can serve two purposes - it can be used to
maintain butanol concentration in the reactor at values lower than the value at which
product inhibition sets in, and it can make extraction of butanol from the solvent mixture
cheaper. By selling the gaseous coproducts, like hydrogen and carbon dioxide, of the
process the problem of safely disposing off the some of the effluents can be done away
with in addition to the creation of a new revenue stream.
5.4.4 Increase in revenue from sale of coproducts
A large fraction of the cost of butanol production through ABE fermentation can be offset
by the revenue generated from the sale of coproducts. Therefore, through the sale of
coproducts, the effective cost of bio-butanol production can be made comparable to that
of bio-ethanol. There are three drivers of this revenue stream - amount of coproducts that
is salvaged and sold, the market demand for the coproducts and the market price of the
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coproducts. Of these three drivers only the first - the amount of coproducts that is
produced in a state that permits their commercial sale - is controllable by a bio-butanol
producer. The price and demand for the coproducts is set by the market. From the
calculations in section 5.3.2.4, it is clear that sale of more than 80% of the coproducts
will make bio-butanol competitive with bio-ethanol on cost of production basis. Process
improvements will play a critical role in ensuring that most if not all of the coproducts are
produced in such a state that they can be stored and sold in the market to generate
revenue.
Additionally, another strategy of deriving more value from sale of coproducts
involves development of microorganisms that produce higher value coproducts during the
fermentation process.
5.4.5 Reduction in capital requirements through process technology improvements
Even if the cost of production of bio-butanol is reduced to a value comparable to bio-
ethanol, investors would still finance bio-ethanol plants over bio-butanol plants. This is
driven by the smaller capital requirements of the ethanol fermentation process and the
consequent higher returns on similar amount of investment in the two processes assuming
that market prices of bio-ethanol and bio-butanol are similar. Therefore, process
improvements must be carried out to reduce upfront capital investment. This can be
accomplished through a combination of better process design, development of novel and
cheap downstream separation technology, and development of strains of bacteria which
are more resistant to impurities in the fermentation system and do not require expensive
vats and reactors.
Lower capital requirements would also allow a greater number of players to enter
the bio-butanol production space, thereby fostering competition and driving further
innovation.
5.4.6 Support of government through subsidies and policies
The US government has encouraged the use of bio-ethanol as a gasoline blend by
providing subsidies and setting usage targets. The goal of these government policy
incentives is to encourage adoption of greener technologies for fuel production which
currently can not compete on an economic basis with the conventional oil refining
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technologies for fuel production. The hope is that the adoption will be accompanied by
investments in research and development efforts which will bring the price of bio-ethanol
production down, and simultaneously position bio-ethanol as a viable alternative to
gasoline even without the support of subsidies if the price of crude oil were to rise. This
has resulted in subsidies to ethanol blenders to the tune of $0.51 per gallon through 2010
[59]. Recently the government has extended the subsidies for another year and a call to
continue or terminate these subsidies will be taken in the next ten months. Additionally,
there are government mandates about minimum usage of bio-ethanol as a transportation
fuel.
However, the government support is limited to bio-ethanol. Bio-butanol which as
a gasoline blend clearly offers distinct advantages over bio-ethanol (as was discussed in
section 5.3.2.2) but suffers from poorer process economics than bio-ethanol does not
enjoy any subsidies. The difference in the cost of production of bio-ethanol and bio-
butanol on LHV basis can be overcome if subsidy to the tune of $0.20 to $0.25 per kg of
bio-butanol is provided and the bio-ethanol credits are allowed to expire.
The decision to award subsidy to a biofuel like any other important policy
decision is influenced by lobbyists representing the different stakeholders. There has been
a strong opposition to continuation of bio-ethanol subsidies from the oil lobby and those
wary of rising corn prices as a result of use of corn for bio-ethanol production. The bio-
ethanol producers are strongly supported by the corn farmers for the continuation of the
subsidies. In this battle, bio-butanol has the opportunity of securing subsidy support by
providing the two warring parties a middle ground to agree upon. Since bio-butanol
production is not as high in the US currently, it is not expected to divert a lot of corn
away from the food market. At the same time, corn producers will continue to have an
alternate, government supported market to sell their produce to. But this game on the
Capitol Hill will have to be played carefully and be supported by both quantitative and
qualitative data supporting why bio-butanol is a better option than bio-ethanol as a
gasoline blend, how the process currently suffers from cost disadvantage and therefore
requires the support of the government, and how it can address some of the concerns of
all stakeholders involved in the debate.
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5.5 Summary and conclusion
In the coming years, fuels derived from biomass will begin playing a more important role
in the transportation sector as a blend for gasoline. The market for gasoline blend is
attractive because of its huge size and expectation of fast growth. It is in this context that
there has been a lot of attention recently on the production of butanol from biomass by
the ABE fermentation process. Bio-butanol thus produced possesses a number of more
attractive qualities than the most widely used biofuel today, bio-ethanol. However, the
fermentation process suffers from limitations like reliance on food crops as feedstock,
low process yield, high capital requirements, and substrate and product inhibition. These
factors result in a high cost of production of bio-butanol putting it at a disadvantage vis-i-
vis bio-ethanol.
The current cost of production of bio-butanol from corn on a per unit energy
produced basis is considerably higher than that of bio-ethanol - 3.1 cents/MJ for bio-
butanol versus 2.5 cents/MJ for bio-ethanol - based on the present technical knowledge
and current market price of raw materials and coproducts. The higher cost along with the
higher capital requirements to set up the process - $133M for bio-butanol versus $66M
for bio-ethanol for a 45M gallons/year plant - puts a serious question mark over bio-
butanol's chances of success over bio-ethanol as a gasoline blend in the current market
conditions. Chances of bio-butanol's success can be increased by
" the development of new technology that can permit cost-effective production of bio-
butanol from inexpensive lignocellulosic substrates at much higher yield;
e increase in the revenue generated through sale of coproducts by selling more than
80% of the coproducts produced in the process along with favorable increases in the
prices of coproducts,
e improvements in process technology such that a plant for the fermentation of butanol
can be set up using as much, if not lower, capital required for setting up a bio-ethanol
plant; and
" government support in the form of subsidies to compensate for the cost disadvantage
of bio-butanol over bio-ethanol, and mandates dictating minimum usage of bio-
butanol as a blend.
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Chapter 6
CONCLUSIONS AND FUTURE WORK
6.1 Summary of main conclusions
The main objective of the work on this project was to develop a redox responsive
polymer material which could be used to selectively extract butanol from aqueous
fermentation broth. The redox responsiveness of the polymer was desired to be used to
allow the release of the extracted butanol into a stripping stream by oxidizing the redox
moieties and, thereby, decreasing the polymer's affinity for butanol. The attachment of
the redox polymer to an electrode was required to facilitate the application of the electric
potential. This project also aimed to investigate the ability of a separation system based
on this polymer to mitigate the product inhibition effect which plagues the alcohol
fermentation process. The results obtained in this project have helped us achieve these
objectives and the main findings of this project are summarized here.
Redox polymer gels made up of HBMA and VF and cross-linked using EGDMA
were synthesized using free radical polymerization. These gels were found to swell
preferentially in butanol when allowed to equilibrate with an aqueous solution of butanol.
The concentration of butanol in the solvent absorbed by the gel was found to be nearly 6
times the concentration in the bulk aqueous phase confirming the preferential selectivity
of the gel for butanol. Although increasing the ferrocene content of the gel caused a
decrease in the total mass of solvent absorbed by the gel, but gels consisting of -20mol%
ferrocene showed a decrease in the preferential selectivity for butanol upon the chemical
and electrical oxidation of the redox moieties. This was clearly reflected in the lowering
of the distribution coefficient of butanol between the gel phase and the aqueous phase by
a factor of five upon oxidation. This decrease was attributed to the increase in the
hydrophilicity of the chemical environment within the gel when the ferrocene groups
were charged in the oxidized state leading to reduced selectivity for the hydrophobic
molecule, butanol. More importantly, it was found by electrochemical characterization of
the polymer that the oxidation was reversible. High ferrocene and cross-linker content in
the gel ensured that the gel turned more hydrophilic upon oxidation and had higher
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mechanical rigidity, respectively. However, these resulted in reduced selectivity and
capacity for butanol. Giving these trade-offs due consideration, polymer with molar
composition of HBMA 74.04 mol%, VF 21.94 mol%, EGDMA (cross-linker) 1.54 mol%
and AIBN (initiator) 2.54 mol% was claimed to have the most desirable properties among
the different compositions tested, as far as use in the preparation of a continuous
separation system for butanol extraction and release was concerned.
One of the biggest challenges of this project was to attach the redox polymer to a
conducting substrate so as to prepare electrodes which, in turn, would allow the
application of electric potential to oxidize and reduce the redox moieties in the polymer.
Electrodes with attached redox polymer were prepared in this project using a several
techniques. Conducting substrates like carbon black and carbon paper having reactive
functional groups on the surface were modified to allow the grafting of redox polymer
chains using both the 'grafting from' and the 'grafting to' approaches. This was done
using procedures reported in literature [1-5]. In addition, a novel technique was
developed to coat the surface of conducting substrates with a functionalizable polymer
layer via iCVD to allow the grafting of the redox polymer chain from the surface.
Conducting carbon fiber mats were impregnated with the redox polymer gel to prepare
another set of redox polymer electrodes. The amount of polymer attached to the
electrodes was different for different electrodes. Highest polymer 'loading' was obtained
for the electrodes obtained by impregnating carbon paper with the redox polymer gel.
Hence, these electrodes were used in experiments to demonstrate the successful
extraction and release of butanol by the electrode over one complete redox cycle. The
electrodes prepared using any of the techniques mentioned above were found to be
electrochemically stable over multiple redox cycles undergoing a reversible one electron
redox reaction of ferrocene confirming that they could be used in a continuous separation
system over multiple cycles to separate butanol from its aqueous solution and release it
into a stripping medium.
The design, set-up and the operation of a continuous separation system based on
the redox polymer electrode was presented in this project which could be integrated with
an alcohol fermentation reactor for continuous separation of butanol from the broth to
lower the product inhibition effects. The transport taking place in the separation system
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consisting of stacks of redox polymer electrodes with alternate polarities and having
alcohol rich fermentation broth flowing next to the electrodes with attached polymer in
the reduced state and stripping solution flowing next to the electrodes with attached
polymer in the oxidized state was modeled in COMSOL@. It was concluded that a
separation system based on the polymer developed in this project should be operated in
cycles of 800s (reduction half-cycle for 400s; oxidation half-cycle for 400s) to maintain a
steady state value of butanol mass fraction in the reactor equal to 0.014 and to produce
butanol at a steady rate of 1.5g/L.h. Polymer with higher selectivity and higher capacity
of butanol could potentially be used to lower the butanol concentration in the reactor and
increase the butanol rate of production.
The successful use of the redox polymer electrodes for use in the separation
system relies on the ability of the ferrocene moieties in the polymer to be reversibly
oxidized and reduced each time the potential applied to the electrode is changed. The
redox reaction of the ferrocene groups was found to be controlled by the rate of the
electrons and counter-ions to diffuse towards and away from the ferrocene sites. The
electronic diffusion took place using different mechanisms depending upon the molecular
architecture of the polymer matrix. The motion of the polymer chains about the anchoring
sites in the electrodes containing uncrosslinked polymer chains, or alternatively called
bounded diffusion, was found to be an important mechanism which aided electron
diffusion especially in polymers with low ferrocene concentration. At high ferrocene
concentrations, the 'hopping' of electrons from one redox site to the next became the
dominant mechanism. In contrast, the electrodes containing the polymer in the form of
cross-linked chains had reduced mobility of the chains (because of the cross-linking) and
electron hopping was the dominant mechanism across the entire range of ferrocene
concentrations explored in this project.
The underlying motivation of this work was to develop a technology that could
increase the yield of the butanol fermentation process and thereby increase the
attractiveness of bio-butanol as the next generation biofuel. Through a careful technical
and economic analysis as part of the PhDCEP Capstone Paper it was found that although
the market for biofuels to be used as a blend with gasoline is very attractive, bio-
butanol's chances of success as the most popular gasoline blend appear slim based on
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current state of technology. Bio-butanol loses out to its main competitor, bio-ethanol,
because the cost of production of a unit amount of energy from bio-butanol is more than
20% higher than the cost of production of the same amount of energy from bio-ethanol. A
combination of technological factors, economic factors and regulatory factors is
necessary to increase the attractiveness of bio-butanol as the biofuel of choice to be
blended with gasoline. Technological factors include development of technology to
ferment lignocellulosic biomass using new, high-yield strains of microorganisms and
development of production processes requiring lower upfront investment. Economic
factors like increase in the prices of the coproducts of butanol fermentation are needed.
Regulatory factors include but are not restricted to government subsidy to butanol
blenders.
6.2 Future research directions
This project has shown the use of a novel redox responsive polymer for the separation of
butanol from aqueous solution. The butanol extraction and the subsequent release into a
stripping medium upon the oxidation of the redox moieties in the polymer have been
shown to work successfully. However, the complex nature of the technology proposed
presents opportunity for further exploration of a number of other related ideas.
The redox polymer synthesized and studied in this project comprised of HBMA as
the primary monomer forming the polymer backbone and ferrocene in the form of VF as
the redox moiety. Ferrocene being the most well studied redox active metallocene was
chosen for this project. However, as was reported in chapter 2, high ferrocene content,
although critical for enhancing the redox properties of the polymer, caused a decrease in
the polymer's total solvent uptake capacity. Lower the polymer's solvent uptake capacity,
lower would have to be the mass of the aqueous medium the polymer is brought in
contact with for butanol extraction. This increases the cost of separation as a large mass
of the polymer will have to be used to carry out separation in a real process. Since it is the
presence of the charge on the redox sites in the oxidized state which is critical for
increasing the polymer's hydrophilicity, it is expected that another polymerizable moiety
should be searched for such that its presence in the polymer does not cause a decrease in
the polymer's solvent uptake capacity but, at the same time, inducing charge(s) on these
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moieties results in a decrease in the polymer's selectivity for butanol. The wide variety of
redox active moieties reported in literature presents several opportunities for research on
this front. In addition, molecules other than HBMA may be studied to estimate their
preferential selectivity for butanol.
A related opportunity for future work is the dispersion of conducting materials
like carbon black and carbon nanotubes in the polymer matrix to increase the
conductivity of the polymer. Charging of the redox moieties in the polymer to cause
increase in the hydrophilicity of the chemical environment inside the polymer involves
the transport of electrons and counter ions from a conducting substrate or the bulk
electrolyte to the redox site. Since the polymer with the methacrylate backbone
developed in this project has low conductivity due to the organic molecular structure, the
presence of conducting domains in the form of carbon black and carbon nanotubes
clusters dispersed randomly throughout the polymer would result in an increased overall
conductivity.
The novelty of the polymer synthesized in the project is its redox activity due to
the ferrocene groups in the polymer matrix. In this project, the incorporation of the
ferrocene groups was achieved by free radical co-polymerization of HBMA and VF
resulting in a molecular structure in which the ferrocene groups were directly attached to
the polymer backbone as pendants. A derivative of this approach would be incorporating
a 'spacer' carbon chain of desired length between the ferrocene group and the site on the
polymer backbone the ferrocene group is anchored at. The presence of the hydrophobic
carbon chain is expected to result in interesting micellization behavior dependent on the
oxidation state of the ferrocene groups at the tail, and the effect of this behavior on the
extraction of butanol should be explored.
The well studied chemistry of ferrocene derivatives presents the possibility of
incorporating ferrocene in the polymer backbone by using bifunctional ferrocene
derivatives wherein the two functionalities are present on separate cyclopentadienyl
rings. Examples of redox polymers having ferrocene in the main backbone are abundant
[6-10].
315
6.3 Concluding remarks
A new redox responsive polymer material has been developed in this project. The
material has been shown to be successful in extracting butanol selectively in and
releasing the extracted butanol on the application of the stimulus, electric potential.
Although separation of butanol from aqueous fermentation broth has been the main
subject of research in this project, the principle of hydrophobic-hydrophilic transition due
to charging and discharging of redox moieties should is expected to be applicable to the
separation of other organics from their aqueous solution. Electrodes have been prepared
using this polymer and conducting substrates to allow the application of the desired
potential. Theoretical analysis of the separation system that may be set up using this
polymer has proven the efficacy of the system in controlling the butanol concentration in
the fermentation reactor at a value much less than the critical value beyond which product
inhibition causes the production rate to become zero.
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